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FOREWORD 

This is the final report on Contract AF 04(611)-8503 between Edwards 
Air Force Base and The University of Michigan covering the period 1 June 1962 
to 31 January 1964.   The aim of this contract is to investigate the feasibility of 
a rotating detonation wave rocket motor.   The project was directed by Profes- 
sors J. A. Nicholls and R. E. Cullen of the Aeronautical and Astronautical 
Engineering Department of The University of Michigan.   The Air Force Project 
Engineer was Richard Weiss (DGRR), 6593d Test Group (Development) 
Edwards, California 
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ABSTRACT 

■ A study has been conducted which deals with the feasibility of utilizing exclu- 
sively the detonative mode of combustion in a rocket motor rather than the deflag- 
Irative mode used in conventional, chemical rocket motors.   The configuration 
adopted consists of an annular combustion chamber wherein detonation wave(s) 
completely fill the chamber cross-section and propagate steadily in the same 
circumferential direction.   This configuration leads to the descriptive term 
"Rotating Detonation Wave Engine" (RDWE). 

Several separate studies pertinent to the feasibility of such a device have been 
made.    These include: 

1. Detonation in a two phase (liquid droplet gaseous) media. 
2. Detonation at low temperatures and high pressures for H2-O2 gaseous 

mixtures. 
3. Heat transfer associated with the detonative process. 
4. Detonation in curved partially confined channels utilizing premixed 

hydrogen and oxygen. 
5. Detonation in annular and linear motor configurations with separate 

gaseous fuel (hydrogen or methane) and gaseous oxidizer (oxygen) injec- 
tion. 

6. A simplified analytical model of the idealized gas dynamics in the annular 
chamber of the RDWE. 

From the studies conducted the following conclusions are drawn: 

1. The droplet shattering process is of extreme importance in stabilized 
(two phase detonations.    Experiments show that the droplet shattering 

times might be sufficiently short to support this type of detonation. 
2. Experimental detonation velocities with gaseous mixtures at elevated 

{initial pressures (15 atmospheres) and at initial temperatures down to 
the vapor saturation line of oxygen (~ 112°K) are somewhat higher than 
those predicted theoretically.   Presumably this is due to imperfect 

I gas effects at these conditions. 
3. Theoretical heat transfer to the wall of the RDWE is of the same order 

(~ 10 BTU/in^-sec) as it is at the throat of a conventional small rocket 
motor operating on H2-O2. 

4. Detonation velocities in curved, partially confined char   els utilizing 
I premixed H2 and O2 suffer a degradation of about 1% compared to det- 

onations in straight, confined tubes. 
5. Although a maintained detonative process (multiple passages of the 

I wave) was not achieved in the experiments with the annular motor 
utilizing a separate, fuel and oxidizer injection system, it is con- 
cluded that nothing fundamental stands in the way of this accomplish- 
ment.    This conclusion is supported by the independent experiments 

xix 



of Voitsekhovsky wherein maintained detonation was achieved in a 
similar annular configuration using premixed reactants (acetylene .. 
oxygen).   This leads to the conclusion that the method of separate injec- 
tion must be reexamined more critically. 

6.    Solutions to the differential equations describing the idealized gas dy- j j 
namics in the chamber of the RDWE reveal that the chamber properties 
are essentially parabolic functions of the circumferential coordinate. 
Expressions are developed comparing the theoretical specific impulse 
of the RDWE to the conventional rocket motor.   It is concluded that there 
is no significant degradation in the sea level specific impulse for the 
RDWE (assuming an idealized one-dimensional expansion) as long as 
the average chamber pressure is higher than 500 psia.    The vacuum 
specific impulse of both devices is essentially identical. 

It is concluded finally that due to the complexities of the problems encountered 
that further conclusions regarding the feasibility of the RDWE cannot be made at 
this time.   Recommendations for further study are made. 
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I.    INTRODUCTION 

Conventional chemical jet propulsion devices rely on the deflagrative mode 
of combustion,    The possibility exists, however, of utilizing detonating waves 
which yield extremely high values of energy release per unit volume per unit 
time.   Consideration has been given in earlier studies to the use of detonation 
waves in a pulse jet*, in a hypersonic ramjet^ 3 an(j to a steady-state process 
in the divergent portion of the exhaust nozzle of a conventional rocket motor*. 
This report is concerned with the feasibility of applying detonative combustion 
to a rocket motor wherein the detonation wave(s) move steadily in a circumfer- 
ential direction in an annular chamber leading to the term "rotating detonation 
wave" used in this study to describe the process     It might be noted thai, one of 
the disadvantages of detonative combustion in air breathers is the relatively 
high stagnation pressure loss sustained.    In rocket motors at high altitude this 
would be of no consequence in that the pressure ratio across the nozzle approaches 
infinite values.    Possibly   one of the greatest reasons foreseen for detonation 
wave rocket engines (RDWE) is associated with scaling.    The occurrence of 
combustion instability in large scale conventional rocket motors has plagued 
the development of new engines     To date, due to combustion instability, it has 
not been possible to systematically scale up in thrust level from successful 
operations of small motors.    Many, but certainly not all, engineers believe 
that detonation occurs in some form as a part of this instability.    The thought 
behind the RDWE is to deliberately force the occurrence of detonation (the ex- 
treme case of an instability), design the engine for it, and operate the engine 
in a controlled fashion    In this way it is believed that the scaling problem would 
be very minimal    Other possible advantages foreseen include, (1) lower engine 
weight per unit thrust, (2) more flexibility of engine design, such as a very flat 
engine, and (3) less massive interstage structural components 

In 1961 Professor R B   Morrison and Mr   G. L   Cosens of the Department 
of Aeronautical and Astronautical Engineering, obtained limited funds from the 
Institute of Science and Technology of The University of Michigan to conduct 
exploratory studies on the rotating wave motor     They effected a simplified 
analysis of the concept and some preliminary experiments.    Subsequently, a 
contract between the university and the Air Force was effected, aimed at deter- 
mining feasibility of the RDWE     The report herein describes those facets studied 
and results obtained pertinent to the question of feasibility. 

A few different aspects of the overall problem were identified as being par- 
ticularly important to the question of feasibility These facets and their signifi- 
cance are described below 



(1) It was deemed essential that a rather elaborate, but certainly approxi- 
mate, theoretical analysis of the internal gas dynamics of the RDWE be 
effected so that information regarding scaling factors and potential 
performance could be obtained. 

(2) High rates of heat transfer to the wall would be expected, therefore an 
approximate theoretical analysis was desired, 

(3) In a liquid bipropelJant system the question arises as to whether a deton- 
ation wave can propagate steadily in a gaseous-liquid droplet environ 
ment,    This phase was treated briefly, theoretically as well as experi- 
mentally. 

(4) Some propellants of interest would be cryogenic and hence properties 
of detonation in an environment at elevated pressures and very low 
temperatures are important.   Hence the detonation velocities of gaseous 
hydrogen-oxygen mixtures at initial pressures up to 15 atmospheres and 
temperatures down to the vapor saturation temperature of oxygen (z 112 
°K) were measured. 

(5) The motor envisaged consisted of a detonation wave traversing an annular 
combustion chamber with an annular exhaust nozzle.   Measurements of 
detonation velocity were made under these conditions. 

(6) Experimental results from an actual RDWE were deemed essential and 
such experiments were conducted on a small scale annular motor and on 
a linear motor. 

The explorations enumerated above are described in detail in the subsequent 
sections of this report.    Most of these results are also described in earlier 
progress reports of the project5-9 but this final report is complete in itself. 

It will be readily apparent that much of the material herein is also pertinent 
to conventional rocket motor combustion instability problems.   In this regard it 
is well to mention some very closely related work done in Russia by Voitsekhov- 
gkylO, 11    He succeeded in obtaining a rotating detonation wave as weil as 
oscillating waves in a premixed gaseous system, thereby circumventing injector 
problems experienced in this work.   Presumably the Russian work relates to 
combustion instability.    In view of the pertinence of this work, a translation of 
Reference 11 has been included as Appendix A of this report. 
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II. ANALYTICAL MODEL OF THE INTERNAL GASDYNAMICS OF THE 
ROTATING DETONATION WAVE ROCKET MOTOR 

A. INTRODUCTION 

It is highly desirable to establish theoretically the effects of the various 

design parameters (motor geometry, propellant flow rate, etc.) on the per- 

formance of the rotating detonation wave rocket motor.   To accomplish this 

it is necessary to formulate an analytical model of the motor internal gasdy- 

namics.    This model, while retaining the essential physical features, should 

be simple enough to permit insight into motor operation so that it can be used 

as a design tool and as a basis for comparison of theoretical performance 

with that of other types of propulsion devices. 

The first attempt to investigate the phenomena associated with a main- 

tained rotating detonation wave appears to be due to Voitsekhovsky    ' 

(see Appendix A for a translation of Reference 11)   Because of the presence 

of many oblique waves in his detonation chamber (see Figure 5 of Appendix A) 

the flow field is very complicated and difficult to describe analytically.    But 

Voitsekhovsky's experimental results (see Figure 3 in Appendix A) indicate 

the feasibility of maintaining stabilized rotating detonation waves in an annular- 

channel with side relief.   Interest in utilizing such a device for rocket propul- 
5-9 sion began with the work of Morrison and Cosens   and the studies 

initiated under the present contract. 

I 

[ 
In the present analysis a simplified description of an idealized rotating 

wave rocket motor is sought. It is assumed that the detonation waves com- 

pletely fill the chamber cross-section and no reflected oblique shock waves 

are present. The chosen level of sophistication of the analytical model de- 

veloped here is equivalent to that of the quasi-onr dimensional, frozen spe- 

cific heat, steady, isentropic flow model of conventional rocket motors.    Thus 



a system of mathematical equations is obtained that may be solved numerically 

to provide a description of the details of the flow field within the chamber 

Also, expressions for the theoretical specific impulse and thrust coefficient 

of the rotating detonation wave rocket motor are derived. 

B.     ONE-DIMENSIONAL MODEL OF THE ROTATING DETONATION WAVE 
ROCKET MOTOR 

1.     Basic Hypotheses and Assumptions 

The object here is to formulate an aralytical model of the rotating detona- 

tion wave rocket motor which, while retaining the essential physical features 

of engine operation is simple enough to permit insight into the internal gas- 

dynamics of the motor.    However   the fluid flow field in the motor is quite com- 

plex; it is three-dimensional and unsteady with heat and mass addition and 

turbulent mixing taking place.    As a result,  simplifying assumptions must be 

made to achieve a solvable mathematical model of the motor     The key simpli- 

fying condition is that the detonation wave velocity is stabilized,  so the fluid 

flow field is steady and quasi-one dimensional with respect to a frame of ref- 

erence moving with the rotating detonation waves 

The following is a list of the hypotheses and assumptions related to the 

establishment of a simplified analytical model of the rotating detonation wave 

rocket motor 

[1 

:: 

(a) The detonation wave velocity has reached a steady state, constant 

value. 

(b) The detonation waves are to be treated as plane discontinuities, that 

is, they are considered to be shock waves with heat addition    Other- 

wise, the flow is assumed to be in frozen chemical equilibrium 

(c) The detonation waves completely fill the motor chamber cross-section; 

there are no oblique waves present I 
I 
I 
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(d) Shear forces and heat transfer effects are negligible. 

(e) The propellant mass flow rate through the injector is constant and 

uniform in distribution.   This condition is satisfied if the injector to 

chamber pressure ratio is always at or above the critical value and 

if the injector design is axially symmetric. 

(f) The pressure variations across the chamber in the axial and radial 

directions are negligible.    From order of magnitude estimates this 

condition implies the rocket motor chamber dimensions are small 

compared to the overall motor radius   For a curved streamline 

dn        R 

and to have a negligible pressure variation in the radial direction it is 

required that 

dP  ..   P 

c 

Noting that 

o 2     > 

pV vM ^  a a 

which is of order unity, the condition for the radial pressure variation 

to be small becomes 

i 

For the axial pressure variation to be small the time for an acoustic 

wave to cross the chamber in the axial direction must be much less 

than the time the detonation wave takes to travel the distance between 

successive waves.    Therefoie, the condition is 

1 



Xn       2 ff R i, 
a,    C NV 

where a, is the minimum value of the sound speed in the  chamber 

(the value just ahead of the detonation wave).   Now since 

al W 

where M    is the detonation wave Mach number (which is of the same 
w 

order of magnitude as 2ir), the resulting condition for the axial pres- 

sure variation to be small is 

x i 

R ^N 

6 

where N is the number of detonation waves in the rocket motor. 

(g)   The fluid flow through the convergent section of the nozzle is assumed 

to be quasi-one-dimensional in the axial direction.    The axial com- 

ponent of velocity at the throat is equated to the local speed of sound 

and the circumferential velocity component is invariant for a fluid 

particle passing through the convergent section of the nozzle.   Also, 

the "stay time" of a fluid particle in the nozzle convergent section is 

small. 

(h)   Both the unburned and burned propellants are thermally and caloric- 

ally perfect gases. 

(i)    The phenomenon of turbulent mixing between the burned and unburned 

propellants is treated by assuming alternatively complete instantan- 

eous mixing or no mixing between the burned and unburned propellants. 

Either of these assumptions avoids the necessity of considering any 

axial gradients in the fluid properties and permits the establishment 

of a quasi-one-dimensional model of the rocket motor gasdynamics. 

I I 
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2.    Derivation of the Equations for the Analytical Model 

The first case to be analyzed is the gaseous "complete mixing" case where 

complete instantaneous mixing is assumed to occur between the burned and un- 

burned propellants.   The reason for considering this case is the relative sim- 

plicity of the analysis; in actual rocket motor operation mixing between the 

burned and unburned propellants should be avoided because it degrades the 

performance. 

Definition of Coordinate Systems 

Because the radial width of the chamber is considered to be small compared 

with the radius of curvature the rocket motor chamber can be "unrolled" and 

stretched out for purposes of analysis.    Then the problem is one wherein a long 

tube of constant cross-sectional area has unburned mass entering one side and 

burned mass being ejected through the other.   In this tube detonation waves 

occur periodically a distance L apart, each moving at a constant velocity, V  . 

From the viewpoint of an observer moving with a detonation wave the flow field 

becomes steady and quasi-one-dimensional. 

m 

////////////////////A/////////////////////////// 
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The Wall-Fixed Coordinate System 
m 
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m i 
The Wave-Fixed Coordinate System 
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Note:  arrows define the direction of positive velocity. 

The two coordinate systems are related by the transformation 

y = V    t J       w 

with t - 0 when a reference point on the rocket motor chamber wall is coinci- 

dent with a detonation wave. 

Jump Relations Across a Detonation Wave 

The fluid flow properties at y = 0 and y = L are related by the hydrodynamic 

jump conditions across a detonation wave: 

Vi= Vo 

pi+ Vi* = po + Vo2 

cP1
Ti + Jvia+'liQ-cP0

To + 4voa 

where ix. is the relative mass concentration of unburned propellant at y = L. 

With the ideal gas assumption the thermal and caloric equations of state 

are 

P 
PR0T 

m arg 

CP 
y    Ro 

y ' X mavg 

and the speed of sound is given by 

2    yP 

v = V    - v 
w      a 

i   i 

\ 
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Introducing the non-dimensional quantities 

'"* 

—    v 
V = — 

V 
0 

r    a »if   v       7\      S 
a = a7'      Msa'      Q = C^7 0 P   0 

the above equations, when solved for P., v., and M. in terms of M_ and Q, 

yield 

v1 = b + Vb   + c 

where 

Px - i - y0 M0' (v, - i) 

M 
/y«v 

0 1 
\/  VJPJ 

yo 

l + y0 M0 

(rl + i) MQ' 

2      /yl"l\     1 
y0 " l Vl + V M0

2 MjQ 

y    - 1 ^ y0 2 
~2— M0 /J 

If y. = ^n = y anc* Mn = * ^en 
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Conservation Equations for a Fluid Element in the "Complete Mixing" Case 

The conservation equations are written for the fluid flow through a small 

increment of the rocket motor chamber, of length dy. 



0^ 

p 
_ä. 

m 
^dy 

I v 
i    w 

injector face 

+ 

v + dv 

p + dp 

nozzle __  dm r 

Definition of the Control Volume 

-«H 

-I k't 
Sectional View 

The conservation equations for steady inviscid, and adiabatic flow of a 

fluid through a given control volume with surface S are: 

!   i 

p v • ft dS = 0 

p ju v ■ fi dS = 0 

p (v-n) v dS = -   ffpndS 

S 

continuity equation 

continuity of unburned species equation 

momentum equation 

'r 19 
H p (v • n) (h + -5 v ) dS = 0 energy equation 

Application of these relations to the control volume in question yields (after 

some manipulation) 
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"'cft-fi-tit 
m„ .    dv     .    dP        p /,. v p v A   -3-+A   — = -r— (V    - v) H       c dy      c dy     NL     w 

m 
pvA   -r- h + ■= v    =-r?r c dy 2 NL 

lu   2    /.      1    2 
h.   +TV      -   h + ■= v p     2    w      1       2 

Now for a mixture of unburned and burned propellants the enthalpy, h, is 

given by 

h = ßhA+ (1 - ß) hß 

= Mj       Cp    dT+hA
(0)j+(l - J j   Cp    dT+hB

(0)^   . 

0 A 0 B / 

Since in this "complete mixing" case Cp. = Cp    = Cp and since Q is defined 

by the relation 

h  (°)    o+h  (0) 
hA     -Q+hB 

the enthalpy of the mixture is 

h = CpT+ MQ+ hfi 
(0) 

I 
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Combination of this relation with the energy and conservation of unburned 

species equations gives 

11 



A     
d   In    rr     1    * pvA   -r-C-, T + TJV H       c dy     P        2 NL 

12/ 19 
C_, T   + ±V      -   C-, T + -±v P    p     2   w P        2 U 

! i 

It is now required to relate the incremental mass flow from the rocket 

motor chamber into the nozzle, dm , to the local flow properties in the cham- 

ber.   Consider a control volume in the convergent section of the nozzle bounded 

by two adjacent streamlines: 

///////////?^/Z/)^//////////   t 

v   \ ^ -H 
—   dy.     _ 

Then the equations governing this control volume are 

i  

m 

rf* 

dm  ! 
nl 

~TT! 

~// 
\Y-'/ 

Ptut£tdyt 

Section View 

, dm dv 1_    n _ .    _i 
N   dy   " pt Ut   t dy 

u      1/2       2,     .      1   2 
ht+2(ut   +V ) = h+2V 

continuity equation 

energy equation 

P     'P , t  rti isentropic process equation 
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To estimate the relative displacement of two adjacent streamlines, dy./dy, 

consider the stay time, T, of a fluid particle in the convergent section of the 

rocket nozzle 
vt 

dx 
u 

i Then 

J        J       I       dv   , I dyt - dy +  v + ^'dy  T - VT + 

dy 1 +   T 
dv 
dy 

-dy 

for a small stay time, T, of a fluid particle in the convergent nozzle section; 

that is, dy, — dy for relatively short convergent nozzle sections.    Thus 

,  dm 
1_    n 
N  dy 

pa 
y + 1 

y + 1 
2~F"-~1) 

f 

provides the desired relation for dm   in terms of local rocket motor chamber 

conditions. 

Then the equations for a fluid element in the rocket motor chamber for the 

"complete mixing" case are 

m_ 
ü   I        A   \     ~P 2 T-WVA  ) = -r=- -pa   r 
dy  ^       c       NL     K    \y + 1 

y + 1 
i2(y- 1) 

m 

"'Acaf = (1-^ 
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m 
.    dv     A   dP       p /.. v 

pvA   -T-+A   -r- = -77T (V    - v) H      c dy      c dy     NL    w 

pvA   i-|cDT + iv2) .-»£ H      c dy     P 2     /     NL CPTP+iVw2-|CPT-2'j 
1   2tl 

+ 2V 

i I 

It should be noted that the model of the flow in the motor chamber is a 

special case of the generalized (steadv) one-dimensional flows discussed by 
12 

Shapiro . 

It is convenient to adopt the following non-dimensional notations: 

K     P         -    v          -    a P = =j— ,       v = — ,       a = — , P                   v                   a 
*0                v0                a0 "'■*■ 

M = - ■ M- m , 
a       0a 

      9 dm 
P = 

dTj 

m 
p          c m - p v - —  = 

vM0
2 P0V0AcN        * 

d*n           dSn            B MV       B 
Mo 

y + 1 
ltL(   2   .a(y-l) 

*7     Pn vn A   N    - 0   0c        v -Ac|y+l| 

Also, note that 

       _      2 
dm       v Mn   G 

P           °       dn 
d%     B 

m   ~M 
dM    dv    da 

dTI >       vT = f" " ~ M      v      a 
-T-   -             9       ^ ' 
m          PM4 

= JL 

Then, writing the equations in logarithmic differential form with M, v, P as the 

dependent variables, one obtains 
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dM 
M v + P        m        m 

dv 
V + yM2 P 

,77    /V    -v\dm dP    I   w p 

m 

M 1 + I^M2' dv 
v 

M        T.   + ^M2V   2 

-2 .. 2     p 2        0      w 

dm 
dM P 

1 - M m 

1 + ^M2 
dm 

m 

By applying Cramer's rule the differential quantities dM/M, dv/v, and 

dP/P are found in terms of Mach number and the quantities on the right hand 

side of the equations.   It is convenient to present the results in the form of a 

table of influence coefficients.    (See Table 1.)   As an example of the use of this 

table of influence coefficients, dP/P is given by 

1 
I 
I 
I 
I 
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dP       yM"     H w 

M    - 1 
J^LJT  +^M„2V 2 
„ 2 -2    p 2        0      w M0   v 

L^M*lte-| d7] 

\ I)    PM- ; 

Evaluation of the Mach Number of the Flow Just Behind the Detonation Wave 

It is to be demonstrated here that the rocket motor flow model employed 

results in the detonation waves satisfying the Chapman-Jouguet condition; that 

is, the Mach number, Mn, of the flow just behind the detonation wave is unity 

relative to a wave-fixed coordinate system. 
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The derivative of the pressure at TJ = 0 is 

I 
I 
I 

dP 

?7=0    MQ   - 1 

yM      Or 0/9 
0    J Tü + 2LilMn

2 V 2-l 
P        2       0       w - (V    - 1) w 

_B 

From experimental evidence and physical reasoning (in the region between succes- 

sive detonation waves the pressure must decrease to meet the initial condition for 

the next wave) one obtains the restriction 

dP 
dri < 0 

rj=0 

Consideration of the possible values of the various parameters results in the 

order estimates 

I^-I=©tl),        B/G=fr(l),        V„.-1«0-(1), w 

T    =  ©■(. 1) ,        M     = ©-(5) 
y c 

where MQ^ is the lowest positive root of the equation \    \ = 0.    Therefore, 

noting that the quantity in braces}      > , is a steadily increasing function of Mn, 

I    } —® *or a ranSe of values of M_ including the interval 0 < Mft < MQ .    Thus, 

since both (dP/d7j)    „ and {    } are negative 

VM, 
0 

M0
2-l 

> 0 

I 
I 
I 

when 0 < M. < ß(5).   Hence 

M0>1 
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However, the detonation wave is considered to be a shock wave followed closely 

by a chemical reaction resulting in the release of energy in the form of heat. 

For such a wave 

(see, for example, Courant and Friedrichs     for a discussion of this matter). 

Comparison of the two restrictions on M„ demonstrates that 

and according to the analytical model the detonation waves in the rocket motor 

are indeed Chapman-Jouguet waves. 

The Gaseous "No Mixing" Case 

To achieve a more realistic model of the rotating detonation wave rocket 

motor account is taken of the differences in properties of the burned and un- 

burned propellants.    This is accomplished within the limitation of a quasi-one- 

dimensional model of the flow field by assuming no mixing to occur between 

the burned and unburned propellants; that is, they are separated by an inter- 

face which is stationary with respect to the rotating detonation waves and 

across which no mass or energy transfer takes place.   In other respects the 

treatment follows that of the "complete mixing" case.   The control volume is 

split by the interface into two sections, A and B, corresponding to the unburned 

and burned propellants, respectively.   In each section the flow is assumed to 

be quasi-one~dimensional in the circumferential direction with the pressure 

gradient across the interface taken to be zero.   Since the interface is a stream- 

line, assuming the slope of the interface 

dx    u 
dy ~ v 
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to be small is consistent with the condition that the flow is quasi-one-dimensional 

in the circumferential direction, namely, that 

H« l 
V 

m 

NLay 
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Sectional View 

Definition of Control Volumes 

As in the "complete mixing" case the incremental mass flow rate into the 

convergent section of the nozzle is given by 

I 
I 
I 

dm  r 
N 

rB+ 1 

Pn a B"BlvB+l «tdy 

Note that in this "no mixing" case the gases exhausting through the rocket nozzle 

are considered to be completely burned and, hence, this model will predict the 

ideal performance of a rotating detonation wave rocket motor. 
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Conservation Equations for a Fluid Element in the "No Mixing" Case 

Application of the conservation equations for steady, adi' «hj and inviscid 

fluid flow to control volumes (A) and (g) results in the relations 

m„ 
•T- (p A   V .   It     X) ~ -rr=- , dy KA   Ac'     NL ' 

. dVA     .       dP     mP,v 
PAVA£cX--dT+£cxdy-=NL(Vw-VA)' 

(A;  continuity equation 

(A)  momentum equation 

il 
I 
! 

I 

d_ 
dy 

/ i      21 
p, vJ   x h. + TT v. ^A   A   c        A     2   A I 

m 
P 

NL rP + 2 Vw    '       ® energy equation 

yB+1 

5y* [PB VB £c (xn " x)l = " PB aB ^TT *t ®  continuity equation 
'! 

dvB     dP     . 
pBvB-dT+d7^0> (B) momentum equation 

d_ 
dy hB+2VB 0, i'B i energy equation 

Note that here x is the axial coordinate to the interface separating the unburned 

and burned propellants. 

Four of these equations can be integrated, yielding the system of equations 

for the "no mixing" case: 
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m 
PAVA£cx=NLy 

m       dvA ,n    m 
p        A     .      dP       p /,, v 

NL J   dy        c     dy      NL     w      A' 

cPA
TA+rA2^cPA

Tp + lvw2 

d   r «    / \i I     2 
T~ bn vn *    (x   - x) I = - p„ a_  r dy ^B   B   c    n      'J        rB   B yD+l 

^B+1 

1    2 0 1 
^B " X) PB     2   B   -(rB-DPBo'2'B0 

SB-B^vB
2-PB\4V 

It is again convenient to transform to non-dimensional variables: 

n VA PA a. 
- L       £ - JL       P - JL ~ A -    _    A -       _ A_ 

71    L '     * " xn '     *    P   ' VA    v      ' PA = p      ' aA = aR   ' n                  0                   B0                   B0 BQ 

_        vB        _       pB        _       aB vA vB 

VB = v->    PB^pT->     aB^a— ■     MA = f">     MB = fl    • 
BQ BQ B0 A B 

Note that, as in the "complete mixing" case, M3   - 1, and therefore, aß0 * Vß». 

In the non-dimensionalization of the equations the following non-dimensional 

parameters will appear 
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G = 

yB+1 

itL,    .     l^V^ CPA m_ 

T    = 
p     T. B 

,   Q = 
Q 

v 

0 PB    B0 

V    = w 
w    v. 

Note that in the "no-mixing" case the mass flow parameter G (equal to the 

ratio of the propellant mass flow rate to the mass flow rate through the detona- 

tion waves) is unity, and the relation 

I 
I 
I 
0 
n 
i 

m 

PR   v      NA 
B0   Bo     C 

1 

defines A , which in this case is the effective frontal area of  he detonation c 
waves. 

The equations are simplified somewhat when the various dependent variables 

are expressed in terms of the Mach numbers, MA and MD.    The logarithmic 
A 13 

differential relations are 

dv, dM, 

7A     ,     yA " J „   2 MA 
1 + __MA 

da, 
^A"1 

M, dM, 

1     yA_1M   2MA 
1 + __MA 
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dP 
rB MB       dMB 

P 
1     yB " l u   2 Mß 
1 +      2      MB 

dv dMT _B    i 
7B=,     yB ' l „   2MB 1 + ___MB 

! >B - 1       2 

^B —2~MB       dMB 

\  = " !     yB ' ! Z  2 MB 1 + ___MB 

yBMB dM B 1 + (yA - 1) M.    dMA d| _ d£ A A        A 
€   = "        ,     rA ' ! „   2   MA  + ,     yB - l AA   2  MB 

1 + —2~MA 1 + ~2~MB 

Then the integrated relationships are 

B 

yB + 

2 

1 

1 + 
yB" 

2 -V 

^B"1 

VB = :MB 

vB+l 

2 

_1+     2       MBJ 
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'B+1 
-7B"1 

1 + 
yB-i 

2      MB 

VA = MA 

PA" 1 -      -       yA - * -  2l r      T    1             v 
rB" 1       P.        P               2             W A 

rA'1        2 1+      2      MA            J 

B 

'Ay B 

yB+i 
^B-1 

1     7ß " * M   2 1 + ___ MB 

7A'1        2 1 + -VMA 
>A " ! _       -        yA " * -   2 
_2 c       T    + — V 
yB-i   PA   P       2      Vw_ 

VA"
1
^      -       YA'X^  2 C„    T„ + 

^B"1    PA    P 
V 

2        w 

yA _ *        2 1 + -VMA 

B 

rR " X 2 1 + -VMB2 

>B+1 

yB-i 

yBG?? 

>AMA 

The non-dimensional form for the differential equations in the "no mixing" 

case is 

: 

4 
dMA     KMB 

2\ 

7A - l       2  MA      >    M   2 

1 + -^— MA^      A     \yA MA 

4 
V      _ v dM„      V    - v. 

w      A 

lf-2~MB 

Gdr? 

?AVA       ' 
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4 [1 + (yA - 1) MA
2] dMA     MB

2 - 1 + $ [1 + (yB - 1) Mß
2] dMß    i   Q ß ] 

i     VA
 " J M   2      MA 

1 + -2~MA 
1     yB " X M  2 1 + __MB 

M B 
dr; 

a 
i 
i 

Solving these equations by Cramer's rule for the derivatives dM./M. and 

dMD/Mn gives two simultaneous first order quasi-linear ordinary differential 

equations for M. and M   • 

<    dMA 

1 + 
YA ~ r „   2  MA   d?? 

2      MA 

yBMB 

yAMA 

2, 
B V 

w      A      G 

\PAVA     MB/    I VA    iPAVA 

2     MB2 " 1_l 

i + (yB-DMB
2 + -^_ 

f: rBMB 

l*AM A    A 

1 + (yA - 1) MA
2] - [l + (yB - 1) MB

2 

%    " *> 

1 

1 + 
yB ' X „   2  MB   dT? 

—2—MB 

PAVA V^^K- M, 

4 
^BMB 

yA M
A' 

i + (yA -1) MA' 1 + (yß - 1) MB' (MB^ - 1) 

Hence, the problem in the "no mixing" case consists of finding a solution to 

this pair of differential equations consistent with the jump conditions across 

the detonation wave, which take the form 
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v.    =b+Vb2 + 
Al 

V'-'BIV
1 

M, 
rAPl 

II 
n 

with 

yB  rA+1i 

"A-M/^.vii 
B 1   yA+1 

Note that this system of equations is an eigenvalue problem.   Of the parameters 

G, Tp, Cp ., y., y_, B, V   and Q, the first five are to be specified while the 

latter three are unknown eigenvalues.   The number of unknown eigenvalues is 

reduced to two when the integrated energy equation in (A) is evaluated at 77 = 1: 

M, 

^A-1^      ^ 

B 
1 CP. TP 

A 2 w 

Y, 1 
1 + M, 

The eigenvalues are correctly determined when the solution of the differential 

equations also satisfies the jump relations across the detonation waves. 

II 

! 1 
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The Liquid-Gaseous "No-Mixing" Case 

A practical situation to consider is when one propellant is injected into the 

rocket motor chamber in the liquid state (for example, the case of liquid oxygen 

and gaseous hydrogen as propellants).   A quasi-one dimensional steady flow 

model of the rotating detonation wave rocket motor gasdynamics is obtained 

in this case when the "no mixing" model is adopted with the following additional 

assumptions; 

(a) The volume of the liquid propellant is negligible as compared with the 

volume of the gaseous propellant, 

(b) The liquid propellant evaporates and reacts instantaneously at the plane 

of the detonation wave, no consideration is given here to the problem 

of the propagation of detonation waves through heterogeneous media— 

only gross gasdynamic effects are considered. 

(c) There is no interaction between the liquid drops and the gaseous pro- 

pellant» and hence the circumferential coordinate of the drops remains 

stationary with respect to the chamber walls.    In control volume (A) 

the liquid drops have the velocity V    relative to the detonation waves. 

Control volume (A) now effectively will contain only gaseous propellant since 

the liquid occupies negligible volume and is assumed not to interact with the 

gaseous propellant.   Therefore, the differential equations derived for the all- 

gaseous "no-mixing" case are still valid here; except that the parameters 

y., Cp ., G, and T    now only refer to properties of the gaseous propellant 
A A fc» 

component.   At the detonation wave there is a source of vaporizing propellant, 

however; and the jump conditions across the detonation wave need modification. 

It is required to re-derive the jump conditions across a detonation wave with 

the following picture in mind 
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- v ' vo 
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yj(t) ?(t) 

Detonation Wave 

y0(t) 

Control volume 
moving with the 

fluid 

Source of Vaporizing 
Propellant 

The derivation of the jump relations given here follows the method presented 
13 

in Caurant and Friedrichs   .   The conservation equations of mass and momen- 

tum for a control volume moving with the fluid are 

y0(t) 

dt     J        pdyr:NÄ-       • 
yx(t) 

11 
M 

y0(t) 

i    J      P(-va)dy = P1-P( 

yj(t) 
i 

n   I 

Note that these integrals are of the form 

y0(t) 

j = /     *.(y, t) dt 

yjU) 
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and therefore, 

? <t) y0(t) 

dT = dt    /       ^ *y» ^ dy + dt J       * (y> l) dy 

C(t) yj(t) 

Then, by Liebnitz' rule for differentiation under the integral, 

y0(t) 

dT=   /       $dy + ru(Z{-\ t)t -*(yv t)y1 + ^(yr t) yQ - * (C(0, t) 5 

yj(t) 

But 

5  "" - Vw '        y0 - " Vl    •        yl = " V0 

Utilizing the velocity transformation from the wall fixed coordinate system 

to the coordinate system moving with the detonation waves, 

v = V    - v 
w       a 

one obtains 

lim dJ 
(y0 - y^-ojdtl ^0 VB0 " *1 \ 

The continuity equation becomes, with \1/ - p, 

A, "A,  ' NA     'PB„ VE 
1      1 0      0 
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For the momentum equation \p= - pv   and hence, 
3. 

- \ VB0 
(V

W - VB0> + % VAX 
(V

W " ^ " Pl " P0 

Combination with the continuity equation yields 

2     SVw 2 
P1 + "A1

VA1    + "NA— " P0 + PB   "X 
11 c 0      0 

In non-dimensional form the jump relations are expressed as 

pAx \ + *£ " X 

Pl + yB?A1
vA1

2 + yBllliVw!",'B+1 

where m . is defined by 

m. 
m„ = 

*     PR   v      NA      • 
B0   B0       C 

Now the total propellant mass flow rate,  m   ,  equals the sum of the mass 'low 

rates of gaseous and liquid propellants 

Then, defining G by 

mp n mG + m£ 

mG 

Bo  Bo     ° 

one obtains the relations 
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PA   VA   "G 

At - 1 -G 

and the momentum jump relation in non-dimensional form becomes; 

Pi + vn G V.     + vn (1 - G) V     - v     + 1     , 1       B        A B w       B 

Note that here G is the ratio of the mass flow rate of gaseous propellant to the 

total propellant mass flow rate and is always less than unity. 

Thus the jump conditions across the detonation wave for the liquid-gaseous 

"no-mixing" case lead to the relations 

v.    ■ r+Vr   -s 
Al 

P, = 1 - Kn [G v,    + (1 - G) V„, - 1 
1 BL      A 

1 
w 

B G VA, 

Al      V       'A ?! 

I 
I 
I 
I 
I 

where 

y.     1 - ,■    [U - G) V    -If 
A B L w r^\ v71  
/v* - i 

A*1 

1 

.'.AVV.] 
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3.     Solution of the Equations 

Series Solution of the Equations for the Gaseous "Complete Mixing" Case 

Consideration of the "complete mixing" case model of the rotating detona- 

tion wave rocket motor leads to the problem of obtaining solutions to a system 

of four simultaneous, quasi-linear, first order ordinary differential equations 

of the form 

dM        fl 
dr] M - 1 

dv f2 
dr? M - 1 

dP f3 

where 

and where 

dr?     M - 1 

f. - f. (M, v, P; y, G, T   , B, V  ) l      i      '    ' p w 

f. (1,  1,  1, y, G, Tp, B, Vw) { 0, i = 1, 2, 3, 4    . 

The initial conditions are 

M(0) - v(0) - P(0) = 1 

These equations admit the series solutions 

„k/2 T.V 
k-1 
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v,lO    bkr, 

k-1 

k/2 

I 
I 
I 

00 

n     1     V k/2 
P  •--  1 +    ;       C,    77 

L.,   k 

k-l 

The coefficients are found by substitution into the differential equations, giving 

/ ^-Kr) + 

V —rr K 77 + 
y+ 1 

P^-^ V ?TTKr' + 

with 

K - B + G yv   .111. T   +2Liiv 2I y Vw        2 AP +     2     Vw ] 

Although the infinite series illustrates the nature of the solution to the 

differential equations, especially in the neighborhood of the singularity at 

rj = 0, because of convergence difficulties it does not provide values of M, 

v and P at 7j = 1 for evaluation of the unknown eigenvalues B, V    and Q. 

I 
I 

Integration of the Differential Equations for the Special Case dm    = 0 

In a practical detonation wave rocket motor the :ropellant injection pres- 

sure might be somewhat lower than the peak chamber pressure, P.., behind 

the detonation wave.    Then, if one neglects the details of the dynamics of the 

flow of propellant through the injector orifices, dm   would be zero until the 
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local chamber pressure at an injector drops below the propellant injection 

pressure.   In this case the differential equation for the Mach number M is 

M   - 1      dM 
1 + Z__iM2dr, 

B 

The initial condition is M - 1 at TJ 
;= 0, and integration leads to 

BTJ--= 
2 (M - 1)     y+ 1 
y- 1 y - 1      Vy-1 arctan 

l + ■*-=— M 

Note that in this instance the flow is isentropic and the non-dimensional 

velocity and pressure are given in terms of the Mach number by 

/     y+ I 

^ ; M        v—i—9 

v+  1 nv 

l + 
1   A/f2 — M 

Figures 1(a), 1(b)   and 1(c) display the Mach number M, velocity v, and 

pressure P as functions of B-q for several values of the specific heat ratio. 

For given values of the geometric parameter B and the specific heat ratio y, 

the Mach number, velocity and pressure as functions of r\ can be determined. 

Note that this exact solution provides a convenient check for any numerical 

methods utilized to solve the equations.    (The computer program utilized to 

obtain the results presented in Figure land Table 2 is described in Appendix 

B. 1.) 
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Series Solution of the Equations for the Gaseous "No Mixing" Case 

In an analogous manner to the analysis for the "complete mixing" case a 

series solution to the "no-mixing" equations can be obtained.    The results are 

B 
M, M4    + 

A0 

1 
1 + M, 

> A MA, 

 2        „ G 1/2     B - =—=—    n        + 
rB + 1 "A/W 

where 

0     'B"A 

>'A (>B - 1} 

(rA - i) cp   Tp 

Numerical Solutions of the Equations 

To obtain complete solutions to the systems of equations developed from 

the analytical model of the rotating wave motor internal gasdynamics it is neces- 

sary to employ numerical techniques.    Because of their complexity and due to 

the availability of a computer facility* the problems have been programmed for 

machine solution.    The various digital computer programs developed arc repro- 
r 14 duced in Appendix B [the MAD     (Michigan Algorithmic Decoder) procedural 

language is utilized in the programming].    The calculated results appear in 

Tables 2, 3, 4, and 5 and Figures 1, 2, 3, and 4. 

"The University of Michigan Computing Center IBM 7090 digital computer. 
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TABLE 2.   COMPUTATIONAL RESULTS FOR THE BLOCKED INJECTOR 
(dm   = 0) EQUATIONS FOR >(k) = 1. 2. 

SOLUTION FOR THE BLCCKEU INJECTOR CASE WITH K *  1.200 

H • ETA f V P M - 1 
OCOCCCOG 1. OCCCCOCC i ococcoco 1.0000000C .OOOOOOOC 
0C229643 1 05CCCC00 1 04514188 .94586992 .0S02600C 
009277CC I 09999999 1 C8964798 .89273483 .10101832 
021C7115 1. 14999999 1 1335C388 .84081832 .1522441C 
0377982*1 1 19999999 1 17669679 .79031457 .2039070C 
C5956751 1 24999999 1 21921550 .74138813 .25597707 
0e647838 1 2999999e 1 26105036 .69417509 .30842536 
11862C63 1 34999998 1 30219325 .64878402 .36122388 
15607432 I 39999996 1 34263752 .60529769 .41434495 
19B91C24 1 44999997 I 38237792 .56377461 .46776196 
24719C30 1 49999997 1 42141C61 .52425136 .52144925 
3C096734 1 54999997 1 45973296 .48674407 .57538167 
36028576 1 59999996 1 49734369 .45125104 .62953501 
42518181 1 64999996 1 53424264 .41775466 .68388594 
49568385 1 69999996 1 57043077 .38622339 .73841196 
57181287 1 74999996 1 60591CC9 .35661380 .79309151 
.65358210 1 79999995 1 .64C68364 .32887301 .84790347 
,74099e09 1 84999995 1 .67475528 •3C293932 .90282772 
.83406162 1 89999995 1 .70812982 .27874521 .95784538 
.93276584 1 94999994 1 .74081279 .25621799 1 .01293752 

1 037C9960 1 99999994 1 77281C47 .23528159 1 .06808686 
1 .14704502 2 049"9992 1 80412987 .21585765 1 .12327623 
1 .26257968 2 09999990 1 83477846 .19786652 1 17848955 
1 38367641 2 14999989 1 86476441 .18122848 1 23371148 
1 .5103C278 2 19999987 1 894C9629 . 16586426 1 .28892708 
1 .64242363 2 24999905 1 92278317 .15169592 1 .34412275 
1 77999854 2 29999983 1 .95C83444 .13864727 1 39928496 
1 9229840C 2 34999982 1 97825991 .12664447 1 .45440103 
2 07133353 2 3S99998C 2 CC506961 . 11561628 1 .50945911 
2 .22499716 2 44999978 2 03127387 .10549436 1 .56444778 
2 .38392293 2 .49999976 2 .05688328 .09621351 1 .61935641 
2 .54805529 2 54999974 2 .08190843 .08771175 1 .67417467 
2 .71733773 2 .59999973 2 .10636029 .07993044 1 .728d9312 
2 .89171052 2 .64999971 1 .13024971 .07281423 1 .78350259 
3 .07111347 2 .69999969 2 .15358779 •C6631111 I .83799477 
3 .25548339 2 .74999967 2 .17638558 .06037238 1 .8923614C 
3 .44475698 2 .79999965 2 .19865414 .05495247 1 .94659513 
3 .63886940 2 .84999964 2 .22040460 .05000895 2 00068894 
3 .83775437 2 ,89999962 2 .24164799 .04550233 2 .05463615 
4 .04134583 2 94999960 2 .26239532 .04139601 2 .10843077 
A .24957514 2 .99999958 2 .28265756 .03765606 2 .16206673 
4 .46237516 3 .04999956 2 .30244556 .03425115 2 .21553889 
4 .67967772 3 09999955 2 .32177007 .03115236 2 .26884231 
4 .90141392 3 .14999953 2 ,34064177 .02833306 2 .32197225 
5 .12751508 3 .19999951 2 .35907111 .02576876 2 .37492454 
5 .35791254 3 .24999949 2 .377C6858 .02343694 2 .42769516 
5 .59253764 3 .29999948 2 . 39464441 .02131698 2 .48028049 
5 . Ü 3 13 2 19 r> 3 .34999946 2 .41180864 .01938997 2 .53267726 
6 .07419705 3 .39999944 2 .42857128 .01763859 2 .58488232 
6 .32109475 3 .44999942 2 .44494203 .01604702 2 .63689288 
6 .57194853 3 .4999994C 2 .46093053 .01460079 2 .68870661 
6 .82669044 3 .54999939 2 .47654617 .01328672 2 .74032104 
7 .08525419 3 .59999937 2 .49179822 .01209275 2 .79173416 

I 
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7. 34757447 3. 64999935 2 5C669575 .01100793 2 8429442C 
7. 61358476 3. 69999933 2. 52124766 .01002227 2 89394939 
7. 88322163 3. 74999931 2. 53546259 .00912666 2. 94474849 
8 15642047 3 79999930 2 54934907 .00831284 2. 99534011 
a 43311834 3. 84999928 2 56291550 .00757327 3 0457232C 
8 71325350 3. 89999926 2 57616988 .00690112 3 09589708 
8 99676299 3. 94999924 2. 58912C27 .00629017 3. 14586061 
9. 2835869t) 3. 99999923 2 60177436 .00573477 3. 19561347 
9 57366586 4. "4999918 2 61413980 .00522982 3 24515522 
9 86694CC2 4. 09999913 2 62622398 .00477063 3. 29448536 
10 16335154 4 14999908 2 638C3414 .00435300 3. 34360382 
10. 4628427C 4. 19999903 2 64957723 .00397309 3. 39251041 
10 76535773 4. 24999899 2. 66086021 .00362743 3. 44120523 
11 07084131 4 29999894 2 67188978 .00331285 3. 48968843 
11 37923884 4 34999889 2 68267247 .0C3C2651 3. 53796023 
11 69049597 4 39999884 2 69321463 .0C276580 3. 586C2086 
12 0C456166 4. 4499988C 2. 70352238 .00252837 3. 63387087 
12 32138252 4 49999875 2 71360186 .00231209 3. 68151066 
12 64090800 4. 54999870 2. 72345898 .00211502 3. 72894067 
12 9630878C 4 59999865 2 73309931 .00193541 3. 77616158 
13 28787398 4. 6499S861 2. 74252856 .0C177U5 3. 82317421 
13 61521792 4 69999856 2 75175211 .00162233 3. 86997926 
13 94507146 '. 74999851 2 761H7518 .00148611 3. 91657737 
14 27738953 4 79999846 2. 76960298 .00136181 3. 96296963 
14 61212611 4 84999841 2 77824C53 .00124835 4. 00915682 
14 .94923615 4 89999837 2 78669265 .00114477 4. 05513990 
15 28867650 4 94999832 2 79496405 .00125015 4. 1C09199C 

15 .63040376 4 99999827 2 80305931 .00096371 4. 14649779 
15 97437620 5 04999822 2 81098297 •00C88471 4. 19187468 
16 32055211 5 09999816 2 81873935 •0CO81249 4. 237C5173 
16 .66889119 5 14999813 2 82633272 .00074644 4. 28202993 
17 .01935387 5 199998C8 2 83376712 •0006860C 4. 32681048 
17 .37190175 5 24999803 2 841C4666 .00C63071 4. 37139469 
17 .72649574 5 29999799 2 84817514 .0005^008 4. 41578364 
18 .08309865 5 3499S794 2 85515636 .00053371 4 45997846 
18 .44167447 5 .39999789 2 .86199400 .00049125 4 50398064 
18 .8C218744 5 .44999784 2 ,86869174 .00045232 4 54779130 
19 .16460156 5 .49999779 2 .87525293 .00041664 4 59141171 
19 .52888298 5 .54999775 2 .88168094 .00038391 4 63484317 
19 .89499855 5 .59999770 2 .88797924 .00035389 4 6780870C 
20 .26291394 5 .64999765 2 .89415085 .00032634 4 72114»5Ü 
20 .63259768 5 .6999976C 2 .9C0199C0 .00030105 4 .76401693 
21 .0C4C1807 5 .7*999756 2 .90612665 .00027782 4 8067C571 
21 .37714386 5 .79999751 2 .91193670 .00025647 4 849212C5 
21 .75194478 5 .84999746 2 .91763207 .00023686 4 89153749 
22 .12839103 5 .89999741 2 .92321557 .00021882 4 .93368322 
22 .50645328 5 .94999737 2 .92868990 .00020224 4 .97565055 
22 .88610363 5 .99999732 2 .934C5762 .CC01R698 5 .0174409? 
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The RKDEQ (Runge-Kutta fourth order method) computer subroutine    ' 

is used to carry out the numerical integration of the differential equations de- 

rived in the analytical model.   One difficulty encountered in applying the 

Runge- Kutta procedure in the present case is starting the numerical integra- 

tion, since the values of dM/drj, dv/drj, etc. , are unbounded at TJ = 0.    This 

difficulty is overcome by representing the dependent variables by the first 

terms in their series expansions in the neighborhood of 77 = 0 and initiating the 

numerical integration at some small but finite value of rj. 

For given values of the parameters G, T , y, B, V    (in the complete 
P w           

mixing case; for the no mixing case the parameters are Gs T  , Cp ., y., 

y   ,  B,  V   ) the computer program integrates the differential equations from 

77 = 0 to 77 = 1.   A correct solution to the problem (i. e. , the correct values of 

B and V   for given values of G, T   and y) is obtained when the values of v1( w_ p 1 
ML, and P.. calculated from the differential equations agree with the values 

calculated from the jump conditions.    An iteration procedure is used in the 

search for the correct solution.    MIDE, MIJ, PIDE and PIJ* are calculated 

for various values of B and V    chosen by "intelligent guesses" and the follow- 
w 

ing plots are made. 

MIJ I, PIJ A 

MIJ = MIDE line 

B = constant 

V    = constant 
w 

PIJ = PIDE line 
MIDE >H5E 

I 
I 
I 

'See Appendix B. 2 for definitions of the symbols MIDE, Mil, PIDE, and PLJ. 
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By interpolation the values of B and V   for which MIJ = MIDE and PIJ = PIDE 
w 

are obtained and the solution to the problem corresponds to the intersection of 

these lines on a plot of B versus V   : 
w 

B 

0 

MIDE - MIJ 

solution point 

PIDE - PIJ 

w 

It should be noted that obtaining numerical solutions to these equations 

proved fairly tedious.    To obtain a single solution 20 to 50 trial integrations 

may be required, depending upon the experience of the operator in making 

"intelligent guesses" of the unknown parameters,  B and V   . 

Numerical Solution for the "Complete Mixing'  Case 

A numerical solution to the system of equations for the  'complete mixing" 

case was obtained for the following values of the parameters 

G = 1.0 T    - 0. 0743, 
P 

1  25 

which correspond to a stoichiometric mixture of gaseous hydrogen and oxygen 

as the propellant, injected at ambient temperature.    G -■ 1. 0 means that the 

mass flow rate through the detonation waves equals the propellant mass flow 
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rate.   However, in the complete mixing case some of the unburned propellant 

mixes with the burned gases and does not pass through the detonation waves, 
-T 

and in this particular case only 2/3 of the unburned propellant passes through 

the detonation waves (i. e. ,  /LL - 0. 67).    The numerical solution is tabulated 
1 

in Table 3 and plotted in Figures 2(a)  and 2(b),     The values obtained for the 

dependent parameters are 

B = 2. 36 ,       V    - 1. 55 ,       Q = 0. 741 
w 

v     ~ - 500 ft/sec 
a 

The minus sign indicates that this velocity is directed into the wave.    The pre- 

dicted magnitude of this velocity seems reasonable, that is, not too large. 

Because one result of complete instantaneous mixing of the burned and 

unburned propellants is that one third of the unburned propellant does not pass 

through the detonation wave it is hoped that actual motor operation would corres- 

pond more closely to the assumption of no mixing between the burned and unburned 

propellants. 

: 

One interesting quantity is the absolute velocity, v1   , of the gas just ahead :a 
of the detonation wave.   It is given by the relation 

Vl   --O^w-V a 
3 

and can be estimated since v. - 5 x 10   ft/sec and from the numerical solution, 

V    = 1. 55 and v.  = 1. 66.    Hence 
w 1 
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Numerical Solutions for the "No Mixing" Case 

Numerical solutions to the system of equations for the gaseous no mixing 

case were obtained for the following values of the parameters. 

(1) 

G - 1.0 

T 
P 

- 0. 081 

C"A 

0. 5497 

yA 
■ 1. 401 

VB 
- 1. 15 

(2! 

G = l. 0 

V 0 04075 

Ü*A 

0. 4923 

VA- 
l 5 

rB = l, 15 

These values correspond to a stoichiometric mixture gaseous hydrogen and 

oxygen as the propellant,  injected in the first case (1) at ambient temperature 

(~ 537 R) and in the second <^ase (2) at a low temperature (- 270 R).    The values 

of the specific heats and specific heat ratios corresponding to the given initial 

propellant temperatures were obtained from the results of theoretical calcula- 
17  18 

tions of detonation properties by Zeleznik and Gordon ,    The speed of 

sound immediately behind a detonation wave propagating through a stoichiometric 

mixture of gaseous hydrogen and oxygen is about 5300 ft/sec over a fairly wide 

range of initial temperatures and pressures.    G = 1. 0 means that all of the in- 

jected propellant passes through the detonation wave, and this theoretical model 

represents idealized operation of the rotating detonation wave rocket motor. 

The values obtained for the dependent parameters are 

(1) 

B  : 5.76 

V       1.7966 
w 
Q    0. 788 

(2) 

B = r-   608 

V 
w 
Q 

1.8303 

- 0. 8037 

39 



The solutions are tabulated in Tables 4 and 5 and plotted in F lgares 

3     and   4  .    It can be seen from the figures as well as the series expansions 

that MD, P, vn, etc., are approximately parabolic functions of n. 

In a manner similar to the   complete mixing" case described earlier the i 

values of the wave velocity, V , and the absolute velocity of the unburned gas 

ahead of the waves vAj , can be evaluated. Since ag0 ~ 5300 ft/sec and since 

in case (1) 

V 1. 7966 v.,    = - ,0372 w Al 
a 

then 

V _ 9520 ft/sec vA1   z. - 197 ft/sec w Al ' a 4 

which seem to be reasonable values for these quantities    That is, the determined 

value of the eigenvalue ,  V   ,  in the mathematical problem corresponds to the 

assumptions involved in the development of the analytical model. 

Although a computi-r program for the liquid-gaseous "no mixing'  case has 

been developed ;see Appendix B 4) the numerical solution of this case has not 

been carried to completion. 

4.     Similarity Cons ide rat ions for Rotating Detonation Wave Rocket Motors 

The condition for ihe similarity of different rotating wave rocket motor 

configuration is for the non-dimensional formulation of the differential equa- 

tions, boundary condit:< ns, ar.d other pertinent relations to be identical; then 

one motor may be Sdid to be a. scale model of another     Ir. the following the 

non-dimensiorial parameters that occur in the simplified flow model are identi- 

fied and the similarly rules for the internal gasdynamics of rotating detonation 

wave rocket motors are indicated.    It is shown that for the gaseous "no-mixing" 

case there are four independent similarity parameters 
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When no mixing is assumed to occur between the burned and unburned 

propellants the non-dimensional parameters that occur in the equations are 

i 

I 

I 

I 

B 
itL/     2     \T^P 
Ac   *B + 'l 

= area ratio paran.ster. 

ratio of the specific heat at constant P       C A       P       pressure for the unburned propellants 
to that for the burned propellants. 

m. 
G = -r—^ = mass flow parameter, which is unity 

B     B      c for the gaseous "no mixing" case flow 
model. 

B 
M 0 

= Mach number behind the detonation B      a 0       B       wave,  which is unity. 

Q Q 
C        T 

PB    B0 

heat addition parameter. 

T    = ■=-*- = dimensionless propellant injection 
B      temperature. 

— w V    = = dimensionless wave velocity. w    v 
B0 

> ., >R = specific hear ratios of the unburned 
and burned propellants, respectively. 
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Four of the dimensionless quantities may be specified independently while the 

three jump relations, the Chapman-Jouguet condition, Mg. = 1, and the re- 

quirement G - 1 provide equations for determining solutions of the form 

B-B(T     üp      v      yB)    , 
A 

V7w<WA'yB>    > 
A 

5 = * (% ' ÜPA' VA' yB>    > 

M    «M    („;T   ,Ü y      y   )    , 
A 

MB = MB(7J;VÜPA' 
yA> V    * r A 

Hence the rotating detonation wave rocket motor similarity parameters are 

Tp;  CP   '  yA'  yB    * A 

Thus the numerical results obtained from the rocket motor analytical model 

(see Tables 4 and 5 and Figures 3 ar.d4) describe classes of rotating wave 

rocket motors for which the parameters T   , Cp., y A and yR are identical. 

5.     Injection Dynamics for a Liquid Propellant in a Rotating Detonation Wave 
Rocket Motor 

An important aspect of engine design for the rotating detonation wave 

rocket motor is the injection of liquid propellant.    It is necessary to insure the 

injector design will provide the necessary mass flow rate of liquid propellant 

and also distribute the liquid across the axial dimension of the detonation cham- 

ber.    An approach used by Morrison* is applied to obtain some crude injector 

design criteria. 

♦Unpublished analysis made at this laboratory by Professor R. B.  Morrison. 
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The injector is assumed to consist of a large number of holes of the form 

Detonation 
wave motor 

chamber 
P(t) 

circular orifice area.  A. 

For steady flow through this system the pressure loss coefficient,  Cp.,  is 

given by 

AP 
Pr      1        v2 

1      2Pi V 

where AP is the loss in total pressure across the orifice and V is a charac- 

teristic v 

velocity, 

teristic velocity.    Choosing the injection velocity V. to be the characteristic 

p    _ p . ID   v 2 
D 2pl     i 

2pi Vi 

for steady flow. 
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The momentum contained in the orifice at some instant in time is p„ A.f .V.. 

Hence the pressure head due to the inertia of the fluid is p.£.dV./dt, and the 

pressure loss coefficient for the unsteady flow case can be written as 

c 
PD-P-|^Vi2-VidVdt 

to a crude approximation.    To proceed further it is assumed that Cp   is constant 

in time.    (Note that the only justification of the assumptions employed here is 

that they provide a basis for obtaining a simple solution to the problem. )   Also, 

Pn is constant while P fluctuates very rapidly with time.    Thus, the differential 

equation for V. is 

dV       1 + CP P    - P 
l    2v

2--5 1 
dt   +       24. i        p. f. 

l a   i 

' 

To put this equation in non-dimensional form introduce 

P-P/P0,       VVP0<        "=Vwt/L 

Wv "I'PA' 
fi = 7L- 

0 0 

resulting in the non-linear differential equation 

dVi      1 + Cp(   V2 PD-P_ 
d?7        2 v    f       i        V, Pt ft- V v«,    , Bfivw 

The boundary condition is 

w     1 

V   (0) - V   (1) 

44 
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Since the equation is non-linear an exact solution would require numerical 

integration, for example by the Runge-Kutta procedure.   To obtain some insight 

into the effects of injection dynamics a perturbation solution to the differential 

equation is obtained. 

Define </> (77) as the fluctuation in V. from the mean value V.        : 
" 1 1 avg 

0 ■= v. - V. 
1       1 avg 

Assume 0/V. << 1 (this is equivalent to assuming Pn>> 1).    If P is repre- 

sented by the first two terms of its infinite series, 

P^l-K^1/2 

where 

/'     2     I L G 
K, = v3.    -—■r   B - =—=- 

I 

I 

then the linearized differential equation for <t> is 

d<t>       A. a 1/2 I — + 0) 0 =  a +   fl?7 
AT) 

where 

o = 

1   +   CT>        V 

\        Pg)     1 avg 
tu = _   _  

H ■ V *i vw 

(1 + cD I V. =■ 
I Pf I     l av&        PD " * 

2  f      V "/nPJ.V *i vw B KFi vw 

VBpt f.Vw 
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This differential equation can be solved by the method of variation of param- 

eters,  resulting in 

1 1 
. , .     a     , - W)  f  .1/2   w? .„    ße~ "**   f „1/2   w?  .„ 

<t> (r?) = - + ^ie I   ?       e     d£ + ^       T    e     dC 
e    - 1 

0 0 

where £ is a dummy variable of integration. 

From the definition of V. l avg 

1 

<pdri = 0 

0 

giving the restriction on the parameters 

or 

V 
2 (Pn - P      ) D       avg 

where 

i avg    _, / rB p{    1 + Cp 

1 
— r — 2 
P        --   I   Pd7? ~ 1 - 4 K avg     J        ' 3    l 

46 
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Note that in this linearized dynamic analysis the mean injection velocity obtained 1 

does not differ from the steady flow value and that P      >  the mean pressure in -» 

the rotating detonation wave rocket motor chamber,  is equivalent, for purposes 

of comparison, to the chamber pressure; P ,  of conventional rocket motors 
c 
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Sizing Relations Derived from the Liquid Injection Analysis 

Using the derived relation for V. one can express the following approxi- 

mate rotating wave rocket motor chamber sizing relations in quantitative form. 

(a)   The total mass flow rate of liquid through the injector should equal 

(in the liquid-gaseous "no mixing" case) the mass flow rate of liquid 

propellant reacting at the detonation waves in the rocket motor cham- 

ber.    Now 

m, =p. N. A. V. 
t       t    111 avg 

where N. is the number of injector orifices for the liquid propellant 

and A. is the cross-sectional area of each orifice.    In non-dimensional 
l 

form this becomes 

/N. A.\ 
mf """ p( Viavg FÄ-       ' 

\       c / 

From the liquid-gaseous "no mixing'' case analysis the relation 

m( = mG XG + m( (1 - XG) 

is obtained, and thus the total injector orifice area is related to the 

non-dimensional plenum pressure> Pn,  by 

c 
N. A yB 

i    l <    ~  \ f 
CPJ    / m( (1 -XG) 

N Ac  "   V 2 (PD - Pavg) K XG + mrl - XG^I 

(b)   To fill the rotating wave rocket motor chamber the injected liquid 

should move a distance x   in the same time duration the detonation n 
waves travel a distance L.    Hence 
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Thus, 

ln       1 

V. V l avg       w 

'  2 (P^ - P      ) 

L "VwA/ VBPf (1+C 

I 
I 
I 
I 

i> 

provides a rough sizing relation for the axial rocket motor chamber 

dimension, x . n 

6.     Theoretical Performance of a Rotating Detonation Wave Rocket Engine 
(RDWE) 

To derive the relations describing the performance of the RDWE the steady 

flow analysis for conventional rocket motors is applied to calculate the thrust 

of an infinitesimal segment of the engine.    This quantity is integrated over the 

circumference of the RDWE to yield an expression for the overall thrust.    It 

is assumed that the flow expands isentropically through the rocket nozzle to 

a given nozzle exit pressure, P 

Performance of a Conventional Rocket Motor 

Consider a rocket motor mounted on a test stand: 

Control volume \,  surface S 
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From the momentum theorem for steady, inviscid flow, 

I 
I 
I 

H pV(V-n)dS = -A    PndS 
R 

A 
where n is the local outward unit normal vector and R is some specified closed 

control surface, one obtains for the magnitude of the thrust of a conventional 

rocket motor 

F = p   u     A   +(P   -P)A 
e   e     e        e       a     e 

From the continuity, energy and isentropic flow relations 

p   u   A   = p, u  A. = rii 
*e   e    e    ^t   t    t        i 

CPTe + lUe2 = CPTt + lut2 = CPTC 
and 

y - l 

5L IJL] Tc =\pci 
expressions for the thrust coefficient,  C   , and specific impulse, I     , are 

derived: 

? +1 

2>2  [    2   •>  " 1 

r 
y - i 

F " Pc At \ / 7 - 

V 
P    -P\A 

e       a I    e 

,    Pc   )\ 

> -1 

' "S(      /.   2 
sp     nipg0    gQ /> - 1 

V \pcJ 
>P   - P \ A 

e.l i>■ + 1\ 

t   >i   2   / 

>■ + 1 
1 

> 
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In the case of ideal expansion in a vacuum these relations simplify to 

y + 1 

vac 

/ 2y     ■    2   I 

i _2     /_J_ 

The characteristic velocity>  c*,  is given by 

PCAt    aC/v+ n1"^7^ 
m y —\ 

P 
i 

1 
1 
I 
1 

Performance of a Rotating Detonation Wave Rocket Engine (RDWE) 

To determine the performance of a RDWE consider the flow field with 

reference to the wave-fixed coordinate system.    The flow field is steady and 

the nozzle flow can be represented as consisting of a large number of infinites- 

imal  conventional  rocket motors    Note that the axial velocity component,  u, 

has the same value in both the wall-fixed and the wave-fixed coordinate systems 

and hence the thrust calculation can be performed in either reference system. 

Consider one such incremental segment of the rocket motor.    The energy equa- 

tion relating the temperature of a fluid particle at the nozzle exit to the tempera- 

ture existing locally in the rocket motor chamber is 

Vi".,-«VB 
Note that T   depends upon the detonation chamber circumferential coordinate, r\. 

For isentropic nozzle flow 

. 
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I and hence 

le     /fa 
TB      PB] 

»   yB 

u   - a 

i    VB 

-T 

The mass flow rate through an infinitesimal nozzle segment is 

dm 

yB+1 

2 (rB - l) 

= PD
a

D
f< N       KB    B   t   yD+ 1 

\  Ö       / 

dy   , 

so the thrust of this nozzle segment is 

dF Pf + dy + (P   - P ) £   dy 
6 Ä       G 

By integrating over the circumference of the rocket motor one obtains for C 

and I      the relations sp 
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c„ = B UJ 

B MyB+1 

1 

/5 P 

y~ - l 

■¥4 
B 

djj 

j  P dtj 

0 

/P    - P \ A 
e      a     e 
p A* \     avg /    t 

1 
I 

r 

SP      g, £(./-) 
1 

fp 

V rß-l\ 
■ ¥4 

,   rB   " 

d?;! 

1 

/ 
P drj 

J 

IP   - P \ e       a e    1    'B yD+1 

yB+1 

P , \     avg / 
At M 2 

The characteristic velocity, c*, for a rotating detonation wave rocket motor 

is given by 

yB+l 

B0/*B+ ^ 

yB        2 

^B-1),      1 

B J P dJ 
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For ideal expansion in a vacuum  I and Cir       are 
sp vac vac 

/ ^V^1 

I Fvac     v  rB " 1 \yB * >/ 

I 

I 

I 

I 

I 

I 

! 

I 

Comparison of Theoretical Performance 

To facilitate the comparison of the theoretical performance of a RDWE 

with a conventional rocket motor consider a particular rocket motor operat- 

ing point.    Let the mean chamber pressure (P       or P_.) be 560 psia (this cor- avg C 
responds to a pressure of 10 atm ahead of the detonation waves for a stoichio- 

metric mixture of hydrogen and oxygen, that is, XJJ   = 2/3). 

The numerical solution to the gaseous "no mixing" case (see Table 4 and 

Figure 3) provides the following necessary information     (Note that the "no 

mixing" case solution is employed here instead of the "complete mixing" case 

solution because it represents the ideal operating configuration of the RDWE. ) 

B - 5. 76 y_ = 1. 15 

1 

I 
0 

Thus P„ is 3567 psia     From thermochemical computations of Zeleznik and 

Gordon" the speed of sound immediately behind the detonation waves, ag , 

17 
*Some thermochemical computer program     numerical results were received 
in a private communication from Mr   Sanford Gordon. 
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is 5300 ft/sec, and thus, all the data required for computing the performance 

of an RDWE in this special caseareat hand. 

The performance data for the conventional rocket motor is obtained from 
19 

the calculations of Gordon and McBride 

The results are as follows. 

RDWE 
Performance 

Conventional Rocket 
Motor Performance 

frozen 
equilibrium 
calculation 

shifting 
equilibrium 
calculation 

frozen 
equilibrium 
calculation 

c* 

S, L. 

V * S. L. 

7000 ft/ sec 7080 ft/sec      i      6340 ft/sec 

1  59 1. 56                        1. 49 

347 sec 342 sec                   321 sec 

Ä7 = 10° 

2. 03 2.07 1.94 

SP 
VaC  A 

'              '    P 
-r^=  100 
At 

442 sec 455 sec 417 sec 

Note:   P       = P„ -- 560 psia,  stoichiometric H„-0„ mixture, avg       C 2     2 
From an examination of the table of results and the theoretical expressions for 

c*,  CF and I      the following comparisons can be made of the frozen equilibrium 

calculations for the two rocket motors 

The characteristic velocity, c*,  is slightly higher for the RDWE because 

of the higher temperature at the detonation waves     This is compensated 
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somewhat by the factor 

I 
IB  I   P d?) 

0 

I 
I 
I 

1 

0.904 

which appears in the formula for c* for the RDWE.    Thus one might define, 

for purposes of comparison with conventional rocket motors, a mean speed of 

sound, a      ,  in the rotating wave motor chamber by 
'    avg' 

■ 

1 
f   __ 

a a„     B   I   Pdii avg       B J 
0 

Then the expressions for c* (frozen equilibrium value) for both rotating wave 

and conventional rocket motors will have the same form. 

The discrepancy in the results for the thrust coefficient, C_, of the two 

rocket motors is explained by the difference in the values of specific heat 

ratio used in the calculations.    For the conventional rocket motor the frozen 

equilibrium specific heat ratio,  y,  is 1  22 while the value employed for the 

RDWE, y_,  is 1. 15, and the factor /2/(y - 1) occurring in the expressions 
is 

for Cp is sensitive to small differences in specific heat ratio    Utilizing a 

higher value of yR would bring the results for C„ of the RDWE in line with the 

values of the thrust coefficient, C„ (frozen equilibrium calculation), for the 

conventional motor, and would be more consistent with the idea of a frozen 

equilibrium analysis of the RDWE     The factors expressing the degradation 

in thrust due to finite rocket motor nozzle area ratio are found to be almost 

numerically identical for thf; two rocket motors for mean chamber pressures 
I 

greater than about 500 p&La    Thus, for ease of calculation the expression 
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/ 

*B-' 

B 

d?j 

1 

|   Pd?7 

0 
J 

appearing in the formula for CF of the RDWE could be replaced by 

^B'1 

V B 

avg 

Then the relations for C„ for both rotating wave and conventional rocket motors 

have the same form 

Since for both conventional and rotating wave rocket motors 

I sp 
'0 

the variations in the results for I      are just due to the differences in the calcu- 

lated values of the characteristic velocity,  c*, and the thrust coefficient, C 
r 

If the definition of a       is used and the factor expressing the degradation in 

thrust due to finite rocket nozzle area ratio for the RDWE is replaced by the 

equivalent expression for conventional rocket motors the formula for the 

specific impulse, I     ,  of both conventional and rotating wave rocket motors 

assumes the form 
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Note that this expression is only valid when the mean chamber pressure, P      , 

of the RDWE is greater than about 500 psia     It can be concluded from this result 

I 

y»-1 

I 
sp 

a 
.   avg 

g0 

\     l   , 
h/^B-1 

L ° 

yR  1 
,'P     \ 

\ avg/ 

that there are no essential differences between the theoretical performances of 

rotating detonation wave and conventional rocket motors. 

A more practical comparison of rotating wave and conventional motors as 

rocket propulsion systems should include some of the following considerations: 

(a) an evaluation of the experimental performance of the RDWES 

(b) a weight comparison of the systems (relative weights of nozzles, 

chambers, pumps   feed lines,  structural supports,  etc. ,),  relative 

lengths of the motors to find the necessary rocket vehicle interstage 

structure weight,  rocket motor performance corresponding to the 

propellant mixture ratio for minimum propellant tankage weight, and 

(c) an evaluation of special features such as ease of thrust vector control, 

throttling and restarting capabilities of the RDWE 

Because of the lack of experimental data such considerations at this time appear 

to be beyond the scope of the present analysis 

7.     Comparison of Theoretical Results With an Experimental Pressure-Time 
History for the Passage of the Initial Detonation Wave 

In Figure 5, theoretical results from solutions to the warm gaseous "no 

mixing" case equations are compared with an experimental pressure-time his- 

tory for the passage of the initial detonation wave in the annular motor     The 

theoretical results are for G     1. 0   T    = 0. 081    CpA -- 0. 54968,  vA = 1. 401, 
p '     rA 'A 

YB = 1. 15,  V    = 1. 80 with B -- 3. 0, 3  1, and 5. 76.    The latter case (see Figure 3 
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and Table 4) corresponds to a solution of both the differential equations and 

the jump conditions across the detonation wave, while the values for B = 3. 0 

and 3. 7, which were obtained in trial soluMons to the equations, correspond 

roughly to the experimental operating conditions and should be used for pur- 

poses of comparison with the experimental results.   The areas under the 

pressure-time curves for roughly corresponding experimental and theoretical 

values of B agree within the expected margin for engineering approximations, 

even though several hypotheses of the analytical model are violated in the 

experimental configuration 

(a) The theory presumes the establishment of steady and continued 

propagation of the detonation waves, which is not achieved in 

this experiment. 

(b) In the theoretical development it is assumed that 

£ Nx 

T^<1, -R-«l 

while experimentally the values are 0 133 and 0. 533>  respectively, 

i,The agreement between experiment and theory should improve 

for larger radius motors ) 

(c) Another possible source of error is the finite thickness of the zone 

of chemical reaction following the detonation wave,    The theory as- 

sumes ail chemical reactions go to completion instantaneously and 

occur only at the wave front 

A source of experimental error may be a time lag in the recorded pressure 

due to irability of the instrumentation to follow the rapid decay behind the initial 

pressure pulse of the detonation wave 

Within the spirit of a fro/en chemical equilibrium,  quasi-one dimensional 

analytical model of the RDWE internal gasdynamics there appears to be at least 

a qualitative agreement between the theoretical and the experimental results. 
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C.    RESULTS AND CONCLUSIONS 

An analytical model representing an ideal gas, frozen chemical equilib- 

rium, quasi-one dimensional analysis has been developed which provides a 

description of the internal gasdynamics of an idealized rotating detonation wave 

rocket motor     From this model of the RDWE the following results and conclu- 

sions have been ascertained. 

(1) The detonation waves travelling around the annular rocket motor 

chamber of the RDWE satisfy the Chapman-Jouguet condition, 

MBo -• 1 

(2) A series solution of the equations developed from the analytical 

model indicates that the chamber flow properties (Mach number, 

velocity, pressure,  etc. ,) are approximately parabolic functions 

of the circumferential coordinate in the rocket motor. 

(3) Extensive mixing between the unburned and burned propellants 

would degrade the performance of the RDWE. 

(4) The numerical values obtained from the solution to the analytical 

model equations in the gaseous "no mixing'  case for the detonation 

\    /e velocity fV    _ 9520 ft/sec) and the absolute velocity of the 
w 

gas just ahead of the detonation wave :vAj   _ - 197 ft/sec) appear 
a 

qualitatively correct and hence tend to justify the assumptions 

made in the development of the analytical model 

(5) For purposes of comparison with conventional rocket motors the ef- 

"    i'ective chamber pressure of the RDWE is the mean value; P avg 
(6)   A comparison of the theoretical specific impulses (frozen chemical 

equilibrium calculation) of conventional and rotating detonation wave 

rocket motors indicates that the theoretical performances of these 

two types of propulsion devices arc essentially identical     In terms 

of average chamber conditions the specific impulse relation in both 

instances assumes the form 
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avg 
B 

sp avg. 

where 

avg Pdij 

a       = a_,   B 
avg      BQ 

P d?7 

0 

P \ A 
al 

avg 

(7)   Although possibilities for comparison with experimental results are 

limited, there is at least qualitative agreement between theoretical 

pressure-time histories and an experimental pressure-time history 

for the passage of the initial detonation wave. 
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m.    DETONATION IN A HETEROGENEOUS,  LIQUID-GAS MEDIA 

A.     LITERATURE REVIEW OF HETEROGENEOUS DETONATION 

I To date only a few studies of detonation waves in sprays have been made. 
20 Williams     has thoroughly investigated detonation waves in dilute sprays by 

21 22 applying a statistical method to spray combustion        Webber     has found, 

through experimentation, that most of the cases of spray combustion in a 
23 shock tube lead to a high amplitude wave.    Also,  Cramers     experiments 

have shown that droplet shattering can enable a detonation wave to propagate 

through a heterogeneous medium. 

A brief review of these studies shall be presented in the following discus- 

sion. 

In a dilute spray* with W   << W )    , ** F, A. Williams has employed the 
,.,..,.      f      ,      21 ,e2 4 6 cr spray distribution function     ' 

f. (r,xsV,t) dr dx dV (1) 

*The mass of fluid per unit spatial volume, pf, is related to the actual 
mass of fluid per unit volume of space available to the gas, pg, through the 
equation 

M 

—, - 1 -  V   fir4"  r3f.drdV 
g j i 

The last term of the equation is the fraction of the total spatial volume occupied 
by the droplets.    A dilute spray implies pf '-■ o„. 

**The Weber   number is defined as 
2 

W        —£ 
2rp    V - U : 

e b 
27 where U is the gas velocity and S is the surface tension     Hinze     found that if 

the Weber   number exceeds some critical value, We)      - 20, the aerodynamic 
forces will cause the droplet to break up.    Also   :t was found that for Wp «We) 
the droplets are nearly spherical 
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which gives the probable number of droplets of composition j at time t, with a 

radius between r and r + dr, located in the position range dx = dx1 dx? dx„ 

about x, and with a velocity in the range dV e dV« dV. dV. about V. 

The change of f • with time can be represented by 

-d=--r- (R. f.) - V  ■ (V f.) - V  • (F. f.) + Q. * T. (2) 

where Q. is a droplet source term, T. is a droplet collision term, 

dv\ 
F. «-jf and J     dtj. 

are the total forces on the droplet per unit droplet mass and the rate of droplet 

growth respectively.    11 is apparent that Equation® must play the same role in 

spray combustion as the Boltzmann equation does in the mathematical theory of 

non-uniform gases, and that the f. (r,x, V, t) is a function similar to the molecu- 

lar distribution function 

In accordance with the assumption of dilute sprays, the equations govern- 

ing the propagation of a detonation wave through a spray are the ordinary fluid 

dynamic equations with suitable modifications to account for the average effect 

of the droplets    .    The spray distribution function is coupled with the equations 

of motion for the gaseous medium by the total force on the droplet per unit drop- 

let mass and the rate of droplet growth.    Then the general equations relating 

th? change of fluid properties across a detonation wave, assuming uniform con- 

ditions at s'ations 0 and oo, are written as follows 

M 

pf U*^Z iipn !srSvfj drdv^fn
uo x ^—i   JJ       - x. x 0 

M (3) 

I |>n0r
r3vVrdV 

j 1 

62 



I 
M 

I pf U
OO

2+
Z/MJ rrVfj drdV + px = \uo2 

oo lr-i J!        ao Joo 0 
3=1 (4) 

! 

M 
4       3,,2 

I 
I 
I 

j = l * 

M 2. 

; + /     ffpf i I *T*V h i  +^-lfi  drdV <5> 

j = l 

2        M 

j = l 

Px P0 
1 N     Y,       " N   Y. (6) 

Pi    Tf       >      w-      Pf    Tf     / Pf     *f      7       W Pi    Xf     /     W 00 fci    k       °   ° fci   k 

In order to derive the Rankine-Hugoniot equations for dilute sprays, 
20 Williams     proposed the following assumptions:   (a)   there are no droplet 

sources or sinks and no collisions between drops in the control volume be- 

ing considered,  (b)   all droplets will disappear downstream of the detonation 

wave, fj    - 0, (c)   initially all the droplets have the same velocity as the gas, 

fj    a Ö (V - U_), * (d)   the initial enthalpy per unit mass, hf   ., of the droplets 

_ 
*6 = Dirac delta functions. 
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is independent of the drop diameter, (e)   the initial and final average molecular 

weights of the gas are equal, 

N     Y _N Y 

k-    )     ko 1 
L—,    w    - I—, YV       ' -i 
k-1       k     k=l    k 

(f)   the specific heats of all gaseous species are constant and equal over a tem- 

perature range including Tf     Tf    and a standard reference temperature T . 

Williams derived the Rankine-Hugoniot equations for dilute sprays by using 

the above assumptions and Equations   ?■' *o ,6,1 

Comparison of Williams' results with classical theory,  Table 6 s  shows 

that the Rankir.e-Hugoniot equations for detonations in dilute sprays differ from 

those in gaseous media only in the effective heat of reaction and in the equation 

of state. 

The Chapmar.-Jouguet case for dilute sprays and gaseous media having 

the same amount of «tHual heat release and the same initial conditions were 

found; by Williams, to differ on the following points:   ^a)  a Chapman-Jougr et 

detonation wave in a dilute spray propagates at a slightly higher Mach number, 

(b)   the downstream pressure is slightly higher, about 10% for the case of the 

dilute spray   and   c^   the dilute spray case has a slightly higher downstream 

temperature     Since the above comparison is based on constant actual total heat 

release, the differences must be *he result of change in the equation of state 

and in the effective heat of reaction caused by the presence of the droplets. 

If a comparison is made between two systems, dilute spray and gaseous media, 

having the same initial temperature and comprised of the same fuel and oxidizer, 

the decrease in the total heat release caused by the latent heat of vaporization 

of the droplet will tend to erase the above differences 

64 



I 
I 
I 

TABLE 6     RANKINE-HUGONIOT EQUATIONS FOR DILUTE SPRAYS AND 
GASEOUS MIXTURES 

Williams' theory for 
dilute sprays 

"x Uoc " "o U0 

^Ux2+Px = P0U02+P0 

u2 un
2 

cpTfoo
+-f-=cp(1-VTf0

+l+Q 

x 

Classical theory for 
gaseous mixtures 

p   ' U   ' = p. U ' 'x     x        0    0 

2' 2' 
P   ' U       + p   ' = p ' U„     + p ' px     x        *x      ' 0     0        F0 

2' ?' 
U   l U d 

C  'T   '+-4—= C  ' T ' + p    x        2 p     0 

P   ' x 

^Tx = ^TFTVT o   ' T   '     o   ' T  ' px     x      p0     0 

where 

M Mr 

Q = Zn C    T,   +\    Z.    h,   .    + \    <h,°+C   (T,    - T°)   P 0 p f
0 L J0 

{,]o  ^Uk     p   fo     -I L 
j=l k=l L 

l\ (1 - V - Y
k 0 x ) 

or 

Q,7,0CpTfo+Q 

where Q is the total heat released per unit mass of mixture and Z- is the mass 

flux fraction of spray in front of the detonation wave. 
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25 
In analyzing the steady, one-dimensional spray detonation structure, 

additional assumptions are made for simplification    (a)  all droplets are the 

same size and travel with the same velocity, i. e. , f (x, r, v) = n (x)ö(r - r)ö 

x (v - v), (b)  the system is composed of non-volatile sprays in a gaseous at- 

mosphere so that the burning processes are completed in the surface layer 

of the droplet,  i. e. , homogeneous reactions are negligible in comparison to 

the heterogeneous processes,  (c) diffusion in the gas can be neglected, (d) 

the overall stoichiometry of the reactions occurring in the immediate neigh- 

borhood of each droplet does not change, and (e)  the radial mass flux fraction 

at the outer edge of the surface layer of a droplet is independent of x.   Using 
25 

these additional assumptions Williams '   found that the von Neumann detonation 

structure for gaseous detonations* would be a valid approximation to the struc- 

ture of a heterogeneous detonation wave.   This conclusion was obtained by 

examining the characteristic length for such properties as gas temperature, 

gas velocity,  droplet velocity, and the mass flux fraction of sprays.    The 

order of magnitude of these characteristic lengths, for a spray composed of 
-4 4 2 

30 jufuel droplets m air is 10     cm,  10   cm, and 10   cm respectively. 

Due to the thickness of the reaction /one in a pure heterogeneous detona- 
25 tion process    , the interaction of the deflagration zone with the walls seems 

stronger thar. its interaction with the shock wave.    Therefore, it is question- 

able whether the heterogeneous combustion could release sufficient heat to 

afford the wall losses and to support the shock front.    Hence the stability of a 

spray-detonation must involve both the heterogeneous and homogeneous types 

of combustion 

*A gaseous shock wdve followed by a heterogeneous deflagration wave. 
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Due to the various assumptions in Williams theory, its application might 

be limited In order to ascertain the extent of applicability, Williams theory 

will be compared with some experimental results. 

Investigating heterogeneous combustion at high Reynolds numbers in a 
22 

shock tube, Webber     found that an overly fine spray or a volatile fuel could 

produce a spontaneous explosion Sprays of fairly coarse droplets or of rela- 

tively nonvolatile liquid fuels might burn rapidly enough to sustain and amplify 

a pressure wave These experiments show that at high Reynolds numbers the 

specific combustion rates depend on the rate at which atomized particles are 

torn off the droplet, and this specific combustion rate influences the stability 
- 

of the pressure wave 

23 
Cramer     continued Webber s work by studying the onset of detonations 

in a two-phase medium     The gross patten, of the structure of spray-detona- 

tion waves superficially appears similar to that found by Williams; it is approxi- 

mately like the von Neumann detonation structure for a gaseous mixture.    How- 

ever,  the detailed mechanism showed that shattering of large drops into small 

droplets by the high velocity gas behind the shock wave had a great influence 

on the stability of the detonation wave     Williams  analysis of spray combustion 

does not consider this shattering phenomenon because it was assumed that the 

droplets had the proper'y W   << W This is one reason why Williams 

found the stabilization of spray detonation waves doubtful  * 

It is possible to generalize Williams' theory to include the case when droplet 

breaKup phenomenon is prevailing     The necessary assumptions are    (a)    the 

droplets retain their spherical shape until they arrive at a critical flow condition 

*Also, the heterogeneous reaction assumption,  non-volatile fuels, contributes 
to this conclusion 
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at which time they instan'ly breakup, 'b) a source term, Q, describing this 

instantaneous disappearance and creation of particles be introduced into the 

governing equations. * 

The sequence of events observed by Cramer** in the development of a 

"detonation like" wave from an accelerating hot gas piston, are as follows: 

(a)   the high velocity gas behind the initial shock wave has a displacement as 

well as a shattering effect on the droplet  (b)   the heterogeneous non-uniform 

spray is subjected to a transient redistribution behind the shock wave because 

of the displacement phenomenon, (c)   the redistribution of droplets causes the 

combustion process to pass through three zones.    The first zone has a high 

number density while the second zone contains particles with nearly the original 

size distribution     The third zone is composed of very small droplets.    At about 

the time the leading edge of the fLime reaches the third zone, the majority of 

the large droplets in zones one and two will begin to shatter into extremely 

fine droplets     Consequently   the combustion of these small droplets will cause 

an explosive heat release Capable of supplying sufficient energy to enable the 

flame to overtake the shock front     The detonation wave is apparently sustained 

hy the burning of these microdrops immediately behind the shock front.    There- 

fore, Cramer concluded :hat some shattering mechanism is providing sufficient 

fuel vapor 10 sustain a detonation fro-.t 

From the previous discussion it is obvious that the di op size and the rela- 

tive velocity between the droplet and the gaseous stream strongly influence the 

*The addition of the source term makes the equations difficult,  if not 
impossible   to solve 

**Cramer used two detonation tubes in hi? experiment,  one transparent 
tube for taking pictures   ard one steel tube for measuring p - t - x relations. 
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shattering phenomenon, and hence, the combustion mechanism     Burgoyne and 

Cohen     found that drops whose diameters were less than 10 microns behaved 

like a vapor, and drops with diameters greater than 40 microns burn individually. 

Therefore,  it is reasonable to expect the existence of two critical radii, 

r     ., and r      _,  such that the area for spray detonation is divided into three 
cr 1 cr 2 '     J 

regions,  see Table 7. 

TABLE  7,     CHARACTERISTIC REGIONS FOR SPRAY DETONATION 

I II III 

Drop diameters are small 
enough so that the classical 
gaseous detonation theory 
v applicable. 

The droplets remain 
spherical and do not 
breakup.    Therefore 
Williams' theory is 
valid, and detonation 
waves are sustained 
by both homogeneous 
and heterogeneous 
reactions. 

Drop shattering is 
dominant.    Williams' 
theory with the addi- 
tion of a source term 
can be applied in 
principle.    Detonation 
waves are stabilized 
by shattering phenomenon. 

26 
According to Burgoyne and Cohen    .  it is reasonable to let r      , '-- 5u 

cr 1 
The determination of r      „ is not as obvious because of its strong dependence 

on the relative velocity between the gas and droplets. 

The previous discussion implies that a droplet combustion driven shock 

front differs from gaseous detonation in at least four points, (a) the burning 

droplets add mass to the gaseous stream,  (b)   the droplet burning zone seems 
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*Lane' "states that up to 70*7 of the liquid remains in the rim. 
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thicker, (c) the wave model is now a shock wave following by droplet shatter- 

ing and combustion, (d) a true detonation wave in sprays seems doubtful, if the 

droplet shattering time is not exceedingly short. 

Since the droplet shattering phenomenon plays an important role in detona- 

tions through sprays, it is felt that the mechanism of breakup, the breakup 

time, and the critical velocity and droplet size are fundamental parameters 

in the two-phase detonation process.    It has been found that the disintegration 

phenomenon is due to the interaction between the droplet and the flow field 

behind the shock wave, and is not due to the interaction between the droplet 
A>u      u    ,  t      * •♦    „27,28,29,30,31 ■* and the shock front itself . 

T i 
B.     LITERATURE REVIEW OF THE DROPLET BREAKUP PROCESS BEHIND 

A SHOCKWAVE AND ESTIMATION OF DROPLET BREAKUP TIMES IN 
HETEROGENEOUS H -O   DETONATIONS 

1.     Some Experimental Observations Concerning the Droplet Breakup Process 
• in QO    o Q 

Experimental results " '     show that two types of droplet breakup exist in 

the zone behind a shock wave front:   the bag-type breakup and the shear-type 

breakup.    The successive stages of a droplet breakup process can be described 

phenomenologically and are shown schematically in Figures 6(a) and 6(b). 

(1)   For a bag-type breakup, the increased pressure on the droplet surface, due 

to the high convective velocities following the wave front, flatten the droplet 

into a disk-shape,  having its face perpendicular to the direction of the flow. 

Then the center portion is blown out into a thin hollow bag anchored to a heavy 

rim. *   Finally the thin bag bursts into small droplets,  while the rim breaks 

into fragments.    Photographic evidence on this phenomenon appears in Refer- 

ences 32and33. (2) For a shear-type breakup,  in contrast, the droplet is 
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distorted into a saucer-shaped disk with its convex surface facing to the gas 

flow.    Then a thin ring layer is drawn out from the edges of the disk.    Finally, 

the thin layer is stripped off the droplet and breaks up completely into micro- 
34 

droplets.   Engel   showed that the mechanism of micro-droplet formation is 

due to mechanical effects only and is not due to vaporization of liquid.    Photo- 

graphic details of this process may be found in References 30,  33, and 34. 

2.     Various Theories on Breakup of Droplets 

However complex the phenomenon, it is highly desirable to treat it from 

both the experimental and theoretical aspects.    The following is a discussion 

of pertinent theoretical analyses concerning the shattering processes of a 

droplet: 

a)     Hinze's Theory.    One of the earliest mathematical analyses on this 
27 subject was presented by Hinze'1'     The theory is based on linearized 

hydrodynamical equations for slight deformations of a droplet in an 

air flow.    The main emphasis was in the derivation of the relation 

oetween critical speed and critical size,    Considering the influence 

of the aerodynamic pressure on a droplet and the surface tension of 

the droplet, Hinze found the criterion for determining breakup of a 

droplet to be the relevant value of the  Weber number.    By using the 

experimental data oi'Merringtonand Richardson"" Hinze indicated 

the critical Weber number,   (W ) 10. *   However    the critical 

Weber number can  be derived theoretically oy using tiie critical 

radius (r)   _ (see Equation Ü of Section b) and the definition of the 

Weber   number.    It shows the critical Weber  number,  (W )      =8 
e cr 

which agrees closely with Hinze's value.    Hinze also found that the 

*Hinze2?defined We = (pgU2r)/S but Williams21  defined We - [pgU2 (2r)]/S. 
In this report,  Hinze s definition will be adopted 
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effect of viscosity of liquid on deformation appears small except for 

large values of viscosity, e. g. , viscosities of the order of glycerol. 

In this case, the viscosity effect tends to retard the breakup.    The 

effect of viscosity on breakup has been studied in more detail by 

Hanson    .    He found that when the viscosity of a liquid is less than 

about 10 centistokes, the effect on droplet breakup is negligible; 

while if it is between 10 and 100 centistokes, the breakup process 

is retarded. 

(b)   Mathematical Model for Bag Type Breakup of a Droplet.    This mathe- 
29 matical analysis was proposed by Gorden    .   In the analysis, it is 

assumed that a cylindrical plug of diameter r and length 2r (where 

r is the radius of the droplet) is extruded from a droplet around the 

cylinder remains at rest.    This deformation is caused by the air 

pressure in front of the droplet, but is retarded by surface tension, 

viscosity, and inertial forces of the droplet.    Estimating the magni- 

tude of the pressures caused by these forces, and combining them 

with the inertial effect, a differential equation for the extruded 

cylinder is obtained,  i. e. , 

/.        „     16 u„v    „„\ 
(7) 

dv       1 
dt     p£D 

1      „2     16V     8S 
(2pB

u  --D--rT 

2(16V2       16¥b   ,       /-16Vb\ ,R. 
2i „2  lesr—x~1 + exp—lH (8) 

^f
D Ku —    piD \ P*D 
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where v = velocity of the extruded cylinder.    Equation 7   is solved 

for the instantaneous velocity, v, and the resulting equation is in 

turn solved for the instantaneous displacement of the cylinder as a 

function of time.    The displacement is then set equal to the droplet 

diameter D to determine the total breakup time, t..    The result is: 

! 
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critical speed and critical size.    However, Equation  9   will be used 

in this report for the same purpose. 

Since Equation  8   cannot be solved analytically for the breakup 

time, a useful approximate solution is 

2Dpf
1/2 32/^ 

lb ~~/--     1coU/2 +/    u2_16S| (8-a) 

where t is the breakup time. The breakup time approaches infinity 

if a droplet is stable. Hence it is obvious from Equation 8 that the 

critical condition occurs at 

IT
2

     
16sl     n p U    - -=r-   = 0 

g D / 

which implies the critical radius is given by 

33 
Equation  9   is formally identical with Lane's     empirical formula, 

3033 
which has been used in correlating experimental results       between 

Hanson      and Domich showed experimentally that the effect on 

breakup can be neglected when the viscosity,  p.. <_ 10 centistokes. 

For this case the bag-type breakup time is approximately 

aV/2 
. '—r— (8-b) 

It should be noted that according to this theory, Eq (t>-b) can predict 

the breakup timj of droplets larger than critical size, and for droplets 

of critical sizes the breakup time is infinite. 
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(c)   Mathematical Model for Shear-Type Breakup of a Droplet.    This 
28 

mathematical model is attributed to Dodd    .    The basic considera- 

te r 

34  T- 
By using Engels   experimental data,  with VF/f - 0 5 

SP, 
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tions of this theory are as follows:   The tangential frictional aerody- 

namic forces cause an internal circulation in the surface layer of a 

droplet.    In turn, the centrifugal effect resulting from the circula- 

tion causes bulges to form on the surface.    On the other hand, the 

surface tension of the droplet has a retarding effect on bulge forma- 

tion.    If the pressure due to the centrifugal effect equals a fraction, 

F,  of the surface tension pressure, then breakup occurs.    The as- 

sumptions used in Dodd1 s analysis are    1.    the circulation velocity 

is uniform across the thin surface layer; 2.    inside the moving layer 

the liquid is at rest; 3.   the frictional force on the surface of the 

droplet is equal to 0 332 A'U3up )/r and this force acts over a re- 

gion of length r (see Figure 6(a) of this report); 4,    the thickness of 

the moving layer is "fr"; where 0 < f < 1.    Based upon the balance 

of the energy transfer rate between the gas flow behind the shock 

front and the droplet, a breakup time for a droplet is derived. 

2r 1 ' Sp(        f¥ 
lb ~ „   CITX3/2 0 332  \ ! up      V f 

(1  5U) V     gg 

3. 28r i*(     ,/F 

1 

v^vV, (10)    ■ 
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Due to the inequality of pressure on the upstream and downstream 

I sides, each bulge is subjected to an aerodynamic drag tending to 
28 

move the bulge off the surface of the droplet.   Dodd " has pointed 
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out that the effect of the aerodynamic force which reinforces the 

frictional force on the droplet surface, will decrease the breakup 

time.    Therefore, the breakup time given by Equation 10  is too 

high, and some modification factor is needed to give the correct 

breakup time.    Inasmuch as Dodd did not attempt to evaluate this 

factor, an attempt will be made to estimate this factor approxi- 

mately by comparing the order of magnitude of the aerodynamic 

force and the frictional force, 
2 

Let p - the aerodynamic pressure - 1/2 p U 

p   -  the frictional force per unit area 

-- 0. 332 V(U3 f^p )/r 

p   + p 1/2 prU2 fp Ur 
—  -- 1 + -2- ■- 1 +  g_    _ - 1 * 1. 5 _, , -i— : 1 + 1. 5 /Re 

' Pf Pf Wop A      "- 
IT  II' 

0 332 ,      £-£ 
V     r 

g 

pf + p   
—      1 + 1. b   Re 

Pf 

Since the impulse on the droplet due to the gas is equal to product 

of the force and the time over which it acts,  it implies the breakup 

time is inversely proportional to the force,    Hence breakup time 

given by Equation 10 should be modified by a factor 1/(1 + 1. 5 /Re), 

l. e. 
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1 + 1. 5V!e 
(10-a) 

In investigating the disintegration of water drops in an air 

stream, where the relative velocity between air and the drop in- 

creases gradually, Dodd found the critical radius for a droplet is 

6„ 67 S 
(r) cr 

p ßV 

where ß is a correction factor 0 < ß < 1. 

loading spring concept suggests that: 

37 
Lane    , using Taylor's 

Velocity for bursting by suddenly applied blast 
Velocity of bursting in steady stream 

37 

0.71 

In Reference     , Lane found this factor agrees reasonably well with 

experimental data.    Using this value, the correlation between critical 

relative velocity and critical size becomes 

(r)     - 13S/(p IT) er g 
(ID 

i 

3.     Comparison Between Theories and Experiments 

In order to estimate the validity of these mathematical models,  some calcu- 

lations have been made.    The results are listed in Tables   8,   9,   10   and   11 
30 Since it has been pointed out by Rabin     that small droplets undergo a bag-type 

breakup while the large droplets experience a shear-type breakup, Equation 9 

is used to correlate the critical conditions for small droplets, while Equation 11 

is used for large droplets.    When applying Gorden's correlation,  Equation 9 

to the experimental data, in Reference 30,  for <r)     = 500 a, the deviation be- 
' cr ' 

tween theoretical and experimental critical radii is over 50%.    It is felt that 

Equation   9    is valid only for r < 500 ;u , while Equation 11   applied for r > 500 ß. 
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TABLES      THEORETICAL AND EXPERIMENTAL CORRELATION OF CRITICAL 
SIZE OF DROPLETS OF DIFFERENT FLUIDS FOR BAG-TYPE DROPLET BREAKUP 

Calculated Critical 

Liquid 
Surface 
Tension 

dyne/cm 
S 

Group (A) 
Burning RP-1 
Burning RP-1 
Burning RP-1 

Non-Burning RP-1 
Non-Burning RP-1 

Group (B) 
Dow Corning 200-A Fluid 
Dow Corning 200-A Fluid 
Dow Corning 200-A Fluid 
Dow Corning 200-A Fluid 

Water 
Water 
Water 

Methyl Alcohol 
Methyl Alcohol 

Group (C) 
Water 
Water 
Water 
Water 

Methyl Alcohol 
Methyl Alcohol 
Methyl Alcohol 
Methyl Alcohol 

11 
11 
11 

38 
38 

21. 14 
21. 14 
21. 14 
21. 14 

71.97 
71.97 
71.97 

22. 2 
22. 2 

72.75 
72.75 
72. 75 
72.75 

22. 6 
22. 6 
22. 6 
22. 6 

xperimental Experimental Size by Using Eq 
Critical Critical (9) and Values of 
Velocity Size Experimental 

Critical Velocity 
ft/sec micron micron 

U (r) to. cr cr 

92 100 75 
85 100 87.5 
82 100 98. 5 

95 100 240 
125 100 140 

73. 5 213 246 
93. C 143 156 

121.3 90 103 
148. 5 59 60.5 

121. 3 200 321 
198.8 90 119 
282. 0 53 59. 5 

74. 4 235 263 
121 93 101 

84.3 300 665 
109. 5 205 377 
157. 3 135 180 
238. 5 60 73. 5 

60 317 415 
84. 3 16r 208 

109. 5 125 120 
157. 3 99 55 

Experimental data for Group (A) are taken from Ref. 30 
Experimental data for Group (B) are taken from Ref. 36. 
Experimental data for Group (C) are taken from Ref. 32. 
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TABLE 9,    THEORETICAL AND EXPERIMENTAL CORRELATION OF CRITICAL 
SIZE OF BURNING AND NON-BURNING DROPLETS OF RP-1 FOR SHEAR-TYPE 

DROPLET BREAKUP 

Liquid 
Surface   Experimental   Experimental Calculated Critical 
Tension Critical Velocity Critical Size   Size by Using Eq. (11) 

. 

dyne/cm ft/sec micron                  micron .1 
S U (r)                           (r) 

er                          cr 

Burning RP-1 11 83 500                        152 
ft 

Burning RP-1 11 55 500                       345 
-- 

Non-Burning RP-1 38 93 500                        411 
Non-Burning RP-1 38 80 500                        550 

Experimental data are taken from Ref. 30 

TABLE 10 THEORETICAL SHEAR-TYPE DROPLET BREAKUP 
TIMES FOR BURNING AND NON -BURNING DROPLETS OF RP-1 
USING EXPERIMENTAL VALUES OF CRITICAL VELOCITY AND 

CRITICAL SIZE 

Liquid 

Burning RP-1 
Burning RP-1 

Non-Burning RP-1 
N-n-Burning RP-1 

Experimental data are taken from Ref, 30 

Surface   Experimental    Experimental 
Tension Critical Velocity Critical Size 

micron 
(r) cr 

500 
500 

500 
500 

dyne/cm ft/sec 
S U 

11 83 
11 55 

38 93 
38 80 
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Breakup Times 
Calculated by 
Using Eq. 10-a 

sec 

0. 489 x 10 
1. 16   x 10"3 

0. 925 x 10"3 

1. 29   x 10"3 
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I i I 
TABLE 11.     THEORETICAL SHEAR-TYPE DROPLET BREAKUP TIMES OF 

' '" — —  - j 
I 

LIQUID OXYGEN DROPLETS IN A STOICHIOMETRIC H  -O   DETONATION 

Radius of the Reynolds 
Droplets Number 

r (microns) Re 

500 30.8 
600 37 
700 43. 1 
800 49. 2 
900 55. 6 

1000 61. 6 

tkup Time Calculated 
by U sing Eq. 10-a 

lb 
'sec) 

0. 89 x 10" 7 

0. 99 x 10" 7 

1. 0 x 10- 7 

1 15 x 10' 7 

1. 22 x 10" 7 

1. 25 x 10" 7 

Surface tension of liquid oxygen = 13. 2 dyne/cm (at T - 90 K) 
Detonation velocity = 9400 ft/sec 
Mole-fraction of hydrogen = 0. 667 
Viscosity of gas mixture = 0. 894 x 10 t 

Density of gas mixture -  5. 2 x 10"    gm/cm^ 
Density of liquid oxygen - 0. 4299 gm/cm3 (at T     154. 3°K) 

"■Corresponding to the condition behind the detached shock. 
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Equation 10-a   gives the breakup time for the shear-type breakup for drop- 

lets of critical size as well as for droplets larger than critical size.   Some cal- 

culated results, by using Equation 10-a and the experimental data given by 

Reference 30 are listed in Table 10.   It indicates the breakup time for droplets 

of r> 500 /iand relative air flow velocities of the range 55 ft/sec < U < 95 ft/sec, -r 

is about 1 millisecond.    The velocities used in the above experiments were much 

lower in comparison to the velocity occurring behind the strong normal shock j 

wave associated with the detonation process.    Hence, the breakup time in the 

zone behind the detonation wave front would be expected to be much smaller than 

the values listed in Table  10.  In order to estimate the order of the droplet break- 

up time in the detonation case, the following analysis is made utilizing Equation 

10-a    and the detonation characteristics of hydrogen-oxygen mixtures calculated 
38 

by Moyle    .    For a mixture having a mole-fraction of 0. 667 hydrogen, a detona- 

tion velocity of about 9400 ft/sec is obtained.   Assuming that the structure of a 

spray detonation consists of a normal shock wave followed by combustion, the 

gas velocity immediately behind the normal shock front is supersonic and causes 

a detached shock wave in front of the droplet.    It is the gas flow behind the de- 

tached shock that is responsible for droplet breakup.    Using the conservative 

minimum value of the sub-sonic velocity behind the detached shock, the breakup 1 

time for oxygen droplets having a size range of 500 < r_< 1000 ß have been cal- 

culated.    The results are shown in Table 11    The breakup times are in order 

of 0. 1 M-sec.    In this time interval the detonation wave front will travel a dis- 
-2 

tance approximately equal to 1 x 10     in.    This distance will be denoted by L   . 
39 

Dabora    , using experimental data on the detonation velocity decrement of 

an explosive gas confined by an inert gaseous medium, lias made estimations 

of the length of the reaction zone in stoichiometric H_-0„ and CH -0„ mix- 

I 
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tures of . 14 inches and . 325 inches respectively.    Denoting this distance by 

L   ,  it follows that for H -0„ detonations in stoichiometric gaseous mixtures, 

L„ = 0(1) and therefore Ln << L„ 

4.     Conclusions 

The   Weber number appears to be an important criterion concerning the 

droplet-shattering phenomenon.    Hinze has shown there exists a critical Weber 

number of a dilute spray, (We)     = 10.    When the   Weber number is larger than 

this value, the droplets tend tu break up. 

Utilizing a theoretical relation developed by Dodd, the breakup times for 

oxygen droplets in a H.-O   spray detonation have been calculated.    For oxygen 

droplets within a size range of 500 < r < 1000^, the breakup time is of the 

order of 0. 1 jusec.    In this time interval the detonation wave front will travel 
-2 

a length,  LR =1x10      in.    In comparing this order of L   ,  with the order of 

L      the length between the shock wave front and the zone of significant chem- 

ical reaction,  it follows that L    < < L~.    Thus it is indicated that large drop- 

lets vvill be shattered into microdroplets in a zone sufficiently small behind the 

shock wave front, that if the subsequent evaporation and combustion of these 

microdroplets occur rapidly enough, a heat release sufficient to sustain a 

Chapman-Jouguet detonation wave is possible.    Thus it appears that the drop- 

let breakup process occurring behind the shock wave can be an important mech- 

anism in stabilizing a detonation wave in a dilute spray. 

In the following section an experimental study is described showing droplet 

breakup phenomena behind strong shock waves,  i. e. , H  -0„ detonations. 
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EXPERIMENTAL STUDIES OF THE DROPLET BREAKUP PROCESS BEHIND 
CHAPMAN JOUGUET,  H  -O   DETONATIONS 

In order that a rotating detonation wave engine will function properly, the 

fuel and the oxidizer must be in a form which will support a steady-state deton- 

ation pre cess with the de*onafion wave presumably of the Chapman-Jouguet type. 

If part of the reachve mixture is present in the form of liquid droplets, any in- 

formation regarding the effect of the two-phase (liquid-gas) nature of the initial 

reactarts on the detonation process would be very important.   A few considera- 

tions can be mentioned; e. g., injector design, combustion instability, and com- 

bustion efficiency.   These considerations are of course of paramount importance 

to the proper operation of a conventional hquid-propellant rocket engine operat- 

ing or, the deflagrative-mode of combustion.   It is believed that these considera- 

tions car. bo ever of more importance to the proper design of a rocket engine 

operating on the detonative mode of combustion due to the extremely high reac- 

tion rates a^d short residence times associated with the detonative process. 

It has been pointed out in the above sections, A and B, that if the liquid 

droplets art- large enough in size, it is quite probable that the detonative pro- 

cess could not be supported if the evaporation process is the only mechanism 

available to accelerate the change of pha.ee of the propellant involved from liquid 

to gas.    Another mechanism, the droplet shattering phenomenon, was suggested 

as a possible means of accelerating this change of phase process.   It is the pur- 

pose of this section to report on some preliminary experiments performed to 

shed some light on this phenomenon, or indeed to see if this phenomenon occurs 

at all in the time necessary to support a Chapman-Jouguet detonation wave, 

The experimental study has been performed in the facility (see Figure 7) 

described as follows 

Detonation Tube 

The tube :s built in sections,  each section flanged and readily demount- 

able.    The test section is fabricated of mild steel of 1 in,  x 1 in.  square 
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inside cross section,  6 feet long/ with a number of windows.   A 4 foot 

detonation induction section is attached and the tube is mounted hori- 

zontally.   Extra sections can readily be added, and diaphragms inserted 

between sections.    Thus, sections can be used for expansion chamber, 

detonation driver or constant volume combustor, or shock tube.    For 

this study it is set up as a detonation tube with glow plug ignition. 

Charging System 

This system contains the plumbing, valves, etc. , to evacuate and 

charge the tube, and to premix the combustible mixtures. 

Schlieren System for Optical Observation 

This system utilizes 6-inch diameter,  54-inch focal length mirrors in 

a conventional single pass arrangement, auxiliary lenses to produce a mag- 

nified image (these are inside the shroud on the photograph of Figure 7) 

and a spark-discharge light source.    The latter under favorable conditions 

will operate up to a voltage of 32 KV, with spark durations of about 0. 1 /isec. 

The light source has an auxiliary lens mounted in front to increase the light 

intensity.    The system is mounted on a bench and can be moved as desired 

to observe various locations in the test section. 

Electronics 

This system consists of a thyratron sensing circuit and a CMC Model 

7 57 BN time-interval counter for wave velocity measurements.    These are 

actuated by ionization probes in the top wall of the test section.    In addition 

a time delay unit and power supply for the light source is required. 

For this study,  H_-02 detonations rather than shock waves have been utilized 

because their properties are well known and they are most convenient to handle. 

In addition, the detection equipment, utilizing ionization probes, was more suit- 

able to the detonation phenomenon.    It is evident that the flow conditions associ- 

ated with the convective gases immediately behind a gaseous H_-0„, Chaprnan- 

Jouguet detonation do not simulate exactly those conditions behind the strong 
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normal shock wave associated with a detonation propagating through a droplet 

field. Due to the qualitative nature of this study, it is believed that this sim- 

plification is justified. 

The detonation w<*ves utilized in these experiments are obtained in approx- 

imately stoichi.^metnc mixtures of H„ and O .    The waves are initiated by 

means of a mir.ia'ure glow plug.    Velocity measurements indicate that the 

detonation waves are fully developed, 1. e. , Chapman-Jouguet detonations, 

within apprc.xinWely 5 1/2 feet of the point of ignition at the closed end of the 

tube.    Therefore, the wave-droplet collision process is photographed at a 

point 9 feet from the closed end cf the tube.    In addition, at this position, 

conditions imposed on the droplets are approximately constant for the time 

after collision of interest,, 

The wa'sr dr piers are tntroduced into the top of the tube and fall vertic- 

ally into a dra.n hole m rhe bottom wall of the tube.    The larger droplets 

(" 1000 ßdiameter* and the smaller droplets (220-580 ßdiameter) utilized in 

this study were produced by employing standard hypodermic tubing of No.  22 

and No   30 size respectively.    Nitrogen pressure of approximately one inch Hg 

was utilized to obtain the des.red droplet spacing for the larger droplets with 

somewhat higher pressures employed for the smaller droplets.    The velocity 

of the droplets is 'h(  order of a few feet, per second which is near the terminal 

velocity for tht droplet size invclved. 

Photographs are *aker on 4 in.  x 5 in,  Polaroid film 'ASA-3000) with 

approximately 15% of the light cut-off at the schlieren knife-edge. 

Included .-. th:t report is a sequence of spark-schlieren photographs taken 

of the detonation-droplet collision, process utilizing different detonation waves 

for each photograph     The detonation waves are moving toward the right on the 

photographs     Figur t- 8   is a sequence of photographs taken under the following 

conditions 
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Droplet diameter 1000 ß 
Droplet spacing 3/32 - 1/8 inch 
H2-O2 mixture X\i   a . 70 
Detonation wave velocity 9800 ft/sec 
Ini'ial pressure One atmosphere 
Initial temperature Room temperature 
Scale size 2, 5 1 

Figure 9   is one of a seqvence of photographs taker, of the smaller droplets 

under the following conditions 

Mean droplet diameter 400-500 /u 
Range of droplet diameter 220-580 ^ 
Droplet spacing 3/32 - 1/8 inch 
H2-C>2 mixture XH2 

S
 2/3 

Detonator, wave velocity 93ÖÜ ft/sec 
Initial pressure One atmosphere 
Initial temperature Room temperature 
Scale size 2. 75 1 

The closely spaced parallel wires on the photographs of both figures are 

reference wires located jusi outside of the windows of the test section.    The 

photographs labeled (o) and (a) on Figure 8   and Figure 9   respectively are 

representative of the undisturbed droplet stream.    In Figures  8 (4) and  9  (b) 

the detonation wave is just outside the field of view -o the r^ght.    Any other 

droplets appearing outside ihe vertical droplet row or. the photographs (espe- 

cially apparent on photograph 4 of Figure  8 ) are caused by extraneous accu- 

mulations of water whi?( the injector was being adjusted and should be disre- 

garded.    The weak normal shock wave, visible just upstream of the row of 

roplets in photograph :b> of Figure   9 is not predicted from one-dimensional 

theory.    The predicted convecnve Mach number of the gases immediately 

behind a stoichiometric H -O     Chapman-Jouguet detonation is subsonic (~ . 82) 

with respect to the 'ube walls.    It is possible that due to the blockage effect of 

the shattering row of droplets   the convective Mach number of the flow has 

exceeded unity.    This effect is not observed, however, in the sequence of photo- 

graphs utilizing the larger droplets.  The photographs of both figures, however, 
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do show ui. mt« resurg series of interconnecting shock waves between the individ- 

ual droplt •* dur u.g the shattering process.    These are most evident on photo- 

graph   r of F-.gurc   8 ar.d on photograph (b) of Figure  9. 

The conclusions reached concerning the droplet shattering process obtained 

from the serves of photographs are as follows' 

The droplers shaker significantly in the time interval of from 5 to 10 ju-sec 

after the passage of the wave for both sizes of droplets studied.   This conclu- 

sion is arrivod at di,e to the observed increase in the apparent droplet diameter 

by a fact >r of "hret or more in this tve interval»   It is believed that this appar- 

ent increase is due to the shear-'ype breakup process observed by other investi- 

gators i\ which the opaque zone is actually a region occupied mainly by a very 

dense popi:!a'ir.n ot mirro-drcplets surrounding the remains of the parent droplet. 

It is no' possible to establish cor.clvjsively whether a portion of the parent droplet 

s'lll remains after the   bserved *ime interval of about 10 jit sec.   Measurements 

indicate   however, tha': the location of 'he upstream edge of the opaque region 

is uncharged from ihe original position of the row of droplets up to about 10 /i-sec 

after the passage i f 'ht wave.   In the time interval of from 10 to 15 ji-sec after 

the passage "1 'he w«ves however, a measurable change in the upstream position 

has occurred fur the smaller droplets   originally " 300 ^diameter).    This indi- 

cates 'ha- tht upstream position of the opaque zone has accelerated to an average 

velocity :.  this *ime •--♦erval of the order of 30 to 60 ft/sec.   While this is quite 

low compared to the theoretical gas velocity of about 4200 ft/sec behind a 

stoichiome'rt« H    O., dt tonatior wave   it represents the same order of accel- 

eration as 'ha" ■ bst rved in the shorter time interval ;,0 to 10 fi-sec) for the 

downstream edge of *he   paque ?one — a zone    hich is believed to be made up 

of a dense population  >f micro-droplets.   While this is not conclusive proof 

that the parent droplet has completely sheltered,  ;t is supporting evidence that 

most of the t nginal mass has beer, stripped off in the form of micro-droplets 

within a ' mt  interval of about 10-15 ^.-sec after the collision of the detonation 

wave with ths drop'p* 
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In this connection, a recent shockwave-droplet interaction study has been 

made by Morrell     utilizing cylindrical water jets as small as 457 /J. in diameter 

with convective velocities behind the shock wave as high as 1135 ft/sec.    He 

concludes that there is fair agreement between the jet breakup times he observes 

experimentally and those predicted theoretically for a shear-type breakup process. 

It is interesting that using the relation suggested by Morrell for the dependence 

of the breakup time t, on the initial radius of the jet, R-, and the cor.vective veloc- 

ity of the gas behind the shock wave u 

In  L25 

we obtain for the case of a detonation with u - 4200 ft/sec and R„ = 150 /!, a 

breakup time of 15 ju-sec compared to the breakup time of 130 p.-sec for RQ = 228 ß 

and u - 1135 ft/sec observed by Morrell. 

While it is evident that Morrell's study utilized cylindrical jets rather than 

droplets with some other different conditions present (such as differences in 

shocked gas density and viscosity),  it is interesting to note the order of agree- 

ment between the breakup times predicted using Morrells relation extrapolated 

to the higher convective velocities behind detonation waves utilized in the present 

study 

It is apparent that more refined measurements would be required to estab- 

lish conclusively the shattering process and droplet breakup times behind the 

strong shock wave associated with an actual detonation passing through a 

heterogeneous,  liquid-gas media.    It is also apparent that since observed 

breakup times of drcplets appear to be in the order of magnitude of that re- 

quired to support heterogeneous detonation,  l. e ,  10-15 ß- sec, that the droplet 

shattering process in this connection is of extreme importance 
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IV     THEORETICAL STUDY OF HEAT TRANSFER IN THE 
ROTATING DETONATION WAVE ENGINE 

A.     THEORETICAL MODEL FOR HEAT FLUX 

To determine the heat flux it is necessary to have some understanding of 

the processes which occur in the RDWE     The rotating detonation is followed 

by a region of high pressure «rd high temperature gases where the heat flux 

will be a maximum     After the detonation passes, the combustion products 

expand through the annular nozzle of the wave engine and fresh fuel and oxi- 

dant enter the combustion chamber     During this process the temperature 

and pressure and consequently the heat flux decrease until at some distance 

behind the wave the heal flux becomes negligible     Since the flow described 

above is quite complex the simplified theoretical model described below has 

been adopted for the initial hea* transfer calculations 

It is assumed that the detonation wave is plane and moves past a flat plate 

and through a combustible mixture which is initially at rest as shown in Fig- 

ure 10  The velocity induced by the passage of the detonation results in the 

formation of a boundary layer.    Pressure,  temperature, and velocity behind the 
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As in conventional rocket motors,  heat transfer to the walls of the rotating 

detonation wave engine (RDWE) is a key factor in determining the feasibility and 

design of various engine configurations.    A preliminary study of the heat trans- 

fer problem has been made and is described below 

T 
An analysis of the temperature distribution in the wall of the RDWE breaks 

down into the problems of   lv determining the magnitude and time variation of 

the heat flux from the hot gases behind the detonation wave to the walls of the 

combustion chamber, and '2^ computing the heat conduction in the chamber 

wall.    A detailed discussion of *hese problems follows below. 
•• 



i 
1 

detonation are assumed constant and equal to the Chapman-Jouguet values for 

some distance x   behind the wave.    Beyond this point it is assumed that heat 

transfer will be negligible so that x   represents a heat pulse width.    Since the 
f P 

flow appears steady to an observer moving with the detonation wave a coordi- 

nate system which is fixed to the wave as shown in Figure 11 has been adopted. 

In this coordinate system the wall moves with detonation velocity V_. 

B. CONDITION OF COMBUSTION GASES OUTSIDE THE BOUNDARY LAYER 
AND BEHIND THE DETONATION 

To determine the velocity, pressure, and temperature of the fluid outside 

the boundary layer induced by the detonation,  it is necessary to use the one 

dimensional conservation equations which are as follows. 

Mass, plVD = peVe (1) 

2 2 Momentum p, + p,V„,   - p   + p V (2) J       1   D        e      e   e 

vD
2 ve

2 

Energy: hj + —^- + Q = hg + -j- (3) 

where h = enthalpy and Q is the heat released by the chemical reaction.    In 

addition to the conservation equations it is assumed that the perfect gas approx- 

imation holds so that 

R0 
p=^pT (4) 

where Rn = universal gas constant 
- V      - W = average molecular weight of a mixture -   >    X. W. 

Finally it is assumed that the wave in question is a Chapman-Jouguet detona- 

tion so that V   is the local speed of sound, i. e. , 
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41 
Equations 1 to 5 have b<_ ;n extensively discussed,  e. g, ,  see Morrison    . 

Unfortunately the heat released, Q, can only be computed by laborious itera- 

tive, chemical equilibrium calculations.    Fortunately both theoretical calcula- 

tions and experimental measurements for various H„-0_ mixtures, which is 

the fuel oxidant combination used by the wave engine, have been made by 

Moyle     and so his results will be used to determine V ,  T     p , and p . 

Moyle has calculated the ratio Vn/V , the detonation velocity Vn, and 

W , the molecular weight of the equilibrium mixture behind the detonation, 

for various mixture ratios and initial conditions.    Moyle's calculated values 

are in close agreement with experimental results.   Assuming that y , the 

ratio of specific heats behind the wave,  has the value 1. 22, which from Moyle's 

results appears to be valid for initial mixtures ranging from 78% H„ by volume 

to 35% H„ by volume; all quantities behind the detonation can be calculated. 

For example for an initial H -0„ mixture of 60% H„ by volume and an 

initial pressure and temperature of 1 atmosphere and 300 K it is found that 

VD     8620 ft/sec 

T   = 6322°R 
V^V    -- 1 77 e 

ry V 

ncon lb mass p   = . 0630 V       4851 ft/sec Ke     ' tl2 e ft 

C.  H~AT FLUX ACROSS THE BOUNDARY LAYER 

It has been assumed that the boundary layer formed by the detonation is 

turbulent throughout     The presence of a combustion zone within the detonation, 
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42 
which in itself tends to be turbulent    , provides a reasonable basis for this 

assumption. 

43 
To obtain an initial estimate of the heat flux Mirels1     analysis of the tur- 

bulent boundary layer behind a moving shock wave in air has been applied to 

the present problem.    The free stream conditions in Mirels' analysis are con- 

stant as is the case in the model adopted for the present analysis.   Using a 

Reynolds analogy Mirels developed the following relation between the heat flux 

qw 
and shear T   at the wall' 

w 

%- 

(h   - h  ) T r       w     w 

(V^ - V ) Pr D       em 
273 (6) 

where h    is the wall enthalpy, and Pr     is the Prandtl number evaluated at w m 
some mean or reference condition within the boundary layer,    h   is the recov- 

ery enthalpy and is given by 

h   - h   -t , r       e      V 
D (7) 

For mean conditions in the boundary layer Mirels uses fluid properties based 
44 

mean enthalpy which is defined as rm   T?r»l^o*»+*Q 

h     = 0. 5 (h    + h ) + 0. 22 (h   - h ) m we re 
(8) 

The shear stress at the wal!    T   ,  was determined by a solution of the momentum w 
integral equation, which incorporates the moving wall boundary condition that dif- 

ferentiates the shock tube and conventional boundary layers.    Mirels obtained the 

result 
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P v He  e 

where 

''5 0   1 
D  Ö 

4/5 3/5 vl/5 .   ,1/5 
D 

(9) 

v   is the kinematic viscosity in the free stream, and Ö and 6 are the boundary 

layer and momentum thicknesses respectively.    The ratio 9/5 is given as a 

complicated function of h , h   , h   and V„/V   by Mirels; however, in the pres- 

ent case the formula 

I 
I 
I 
I 
I 
T 

i-«»f-H (10) 

45 
given by Hartunian    , et al. , for shock Mach numbers above 5. 0 will be used. 

Mirels analytical results are in good agreement with the experimental results 

of Hartunian and this provides some assurance that the formulas above will 

yield reasonable results.   The experimental results also fit the formula 

5.  -2 
St VR7- 3. 7 x 10 

where 

(11) 

St - Stanton No. v 
Pe (vD - ve) (hr - hw) 

Re - Reynolds No. "e (VD - V X 
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Throughout the work of Mirels and Hartunian equilibrium air properties 

are used.    Since the boundary layer equations used by Mirels did not include 

a term for diffusive transport, it would appear that Mirels has assumed equilib- 

rium flow with the Lewis number, Le = (CpD )/k, equal to unity, although this 

fact is never explicitly stated.    In the preliminary calculations described below 

the effects of dissociation have been ignored.    Computations based on equilib- 

rium properties of the combustion gases is presented in Section E. 

For the 60% H_ mixture considered above, Equations 6 through 10 yielded 

the following reailt for the heat flux: 

(.»1/5   n, 
q    = 1986 i)       -^_ (12) 

lx/       ft2sec 

38 
where x is distance behind the detonation in feet.    Moyle's     results were used 

for the composition behind the detonation wave and in the present calculation it 

was assumed that this composition remains fixed throughout.    Enthalpies were 
46 

obtained from NBS tables    , and transport properties of the gas mixture behind 
47 

the detonation were calculated using the charts and formulae given in Barrere    . 

q    is infinite at the foot of the detonation where x = 0 because of the leading 

edge singularity of the boundary layer, however, the total or integrated heat 

flux remains finite. 

In general 

v - 1/5 q    = Kx 
w 

where K depends on the properties of the detonation.    The total heat flux, Q  , 

over a pulse of length x   is 

x 
P 

Q    = K  |     x" 1/5 dx = | Kx 4/5 Btu (13) 
w-        J 4      p 

0 
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for the unit width of the flat plate,   q   , the average heat flux, is given by 

Qw     5 ._    - 1/5    Btu „ „ q    = = -T Kx             -75  .                                    (14) nw     x       4     p          ,,2 ' p                         ft sec 

A stationary observer sees a periodic free stream variation of heat flux 

of period T.    If there are n equally spaced waves rotating in an annulus of diam- 

eter D then 

v D 

The ratio c of the pulse width to the wavelength will be given by 

(15) 

nx      t 

«•7«-? «•) 
where t   is the pulse duration, and is related to x   by 

P P 
XP = VDVCTVD   • <17> 

During the passage of each detonation a stationary observer will see a time 

varying heat flux q  (t) given by 

qw(t) = K (VDt)" 1/5    . (18) 

To simplify the conduction problem discussed below the actual variation 

(Equation 18) has been replaced by a series of square pulses of width CT and 

amplitude q    as shown in Figure 12. 

The overall combustion chamber cooling problem depends on the average 

heat transfer; Q   , to the walls of the chamber per unit time per unit area. 
w 

Q ^ is given by 

jr -       5 „ 4/5/ n   |1//5 

Q    = cq    = -r Kc '     -^ • (19) w w     4 77 D v     ' 
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Equation 19 shows that the dimensionless heat pulse width, c, is of crucial 

importance in determining the overall chamber heat transfer.   If Equation 16 

is combined with Equation 19 the following expression for Q    is obtained 

4/5 .      nx 
Q   -IK—H__  . (20) 

W       4 7! D 

Equation 20 shows that for a given pulse width x     Q    varies directly with the 

number of detonations rotating about the chamber and inversely with the diam- 

eter of the annular combustion chamber     Either c or x   depends on the complex 

flow behind the detonation, an approximate solution of which is presented in 

Section II of this report. 

As a specific example, the case of the 7 in.  ID, 8 in. OD, annular experi- 

mental engine operating with a 60% H_ mixture has been considered.    It has 

been assumed that c - 1/3,   Pressure traces obtained during the tests of this 

engine indicate that this assumption for c is quite reasonable for the high pres- 

sures behind the detonation seem to persist for less than 1/3 of the first cycle. 

From Equations 12,  14,  15 and 17 it follows that 

T -- 2. 28 x 1G~4 sec     228    sec 

— 2 2 
q       2700 Btu/ft  sec - 18. 8 Btu/in. sec 

w 

and from Equation 19 it follows that with c - 1/3 

Q       900 Btu/ft2 sec     6 25 Btu/in.2sec    . 

Q    is of the same order of magnitude as the heat flux near the throat of a con- 

ventional rocket motor. 

The calculation of  Q    involves numerous approximations,    First it should w r 

be mentioned that heat flux due to radiation has been neglected.    Experience with 

conventional rocket motors indicates that radiation may increase the heat flux 
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10-20%. Conditions behind the detonation wave are not constant, but rather 

because of expansion 'hrough the nozzle and admission of fresh unburnt fuel 

and oxidar.t there will be a rapid drop in temperature and pressure. In ignor- 

ing this fac'or the calculations above are quite conservative.. Consideration 

of the fact 'hu* the dissociated combustion products may recombine near the 

cool wall of The combustion chamber may cause some increase in Q  , 

The combustion chamber surface temperature depends upon the conduc- T 

tion within the chamber walls and this problem is discussed below. 

I 
D.    HEAT CONDUCTION IN THE SOLID WALL 

To solve the combustion chamber heat transfer problem it is necessary 

to consider the conduction through the cylindrical inner and outer walls of the 

chamber as shewn «n Figure 1?     On one surface of each cylinder the boundary 

condition consists of a series of equally spaced heat pulses moving past the 

surface with velocity V       The other surface is in contact with coolant.    An 

exact solution of this two dimensional,unsteady conduction problem is very 

difficult,    h has been fcund possible to make two simplifications which greatly 

simplify the analysis 

If d /R   << 1 and d /R   << 1, where R   is average combustion chamber l    c e    c c 
radius ar.d d^ and d   a. >. inner ar.d outer wall thickness, then the cylindrical 

walls can be replaced by ar infinite flat plate with heat pulses moving past one 

side and cooler." on 'he other side.    If the width x   of the heat pulse is suffi- 
P 

ciently gr^a» and 'he period     of the heat pulse is sufficiently small then the 

effects of the penochcry of -he heat pulse will be confined to a thin region 
48 

near the surface of the flat plate.    In such case the work of Jaeger     indicates 

that for purposes of determining "he maximum surface temperature two dimen- 

sional effects can bf neglected    Thus one can replace the combustion chamber 

conduction problem by 'he conduction through a one dimensional flat plate with 

periodic surface conditions. 
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The above approximation has been applied by Phillips     to the problem of 

heat transfer from a moving arc to an electrode; and his results are directly 

applicable to the present problem.    Phillips determined the temperature with- 

in an infinite flat plate of thickness H with a periodic heat flux on one surface 

and heat transfer across a coolant film on the other surface, as shown in Fig- 

ure 14    Phillips obtained the solution of the heat equation 

d2T 

9y 

subject to the boundary conditions 

2    a"-0 (21) 

:
3T    — 

k -s— - q   ; mi < t < (m + c) T 
9y     HW 

£1 
ay 

k|?=0   ; (m+ c) T< t < I'm + 1) T (22) 

m  - 0,1, 2,3 

at y = .0, and 

- k|± -. h (T - T ); y- t 1.23) 

where a is the thermal diffusivity,  k/pc  ,  h is the coolant film coefficient, k 
s 

the conductivity, and c   the specific heat.    Equation 22 is an analytical repre- 

sentation of square pulse heat flux shown in Figure 12     Initial conditions are 

T (y, 0)     TQ (24) 

The solution of the problem above consists of a steady state part and a 

transient part which dies out as t — oo.    In the present case only the steady 

state value of the surface temperature is of interest, and is given by 
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<Ts - V 
2q £ 

w 

+ exp 
q  c 

w 

where ß   are eigenvalues determined from the equation 

ß   tan ß   = h'£ 
n n 

and 

[ßn
2,W] 

"    vIv^Kl + h'l)] 

where h' = h/k     Equation 25 is valid only during intervals 

HIT < t < (m + c) T 

m - 0, 1, 2,3, .  .  . 

(25) 

(l + h'£)    , 

(26) 

(27) 

Ü 

I 
1 
1 

when q - q   .    Only this part of the solution is of interest for it is during this 

interval that the surface temperature reaches its maximum value.    The maxi- 

mum surface temperature, which occurs at the end of the sqviare heat pulse 

is according to Equation 25 given by 

I 
! 

! 

' 
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2q   t 

<\       " V "f" max 

00 

n=l 

/    c a^ß 
1 - exp   - 

orß 2\ 

1 - exp 

q   c 
w 

(1 - h'O    .  (28) 

2    / 

while the minimum surface temperature;  which occurs at the start of the heat 

pulse is 

2q   I   ST 
,T - T )=-3_   )      p us 0;        k      /      pn 

min '—' 
n 1 

'""IT") 
1 - exp 

arß 
n 

\    f
2 

q   c 
w 

(1 + hf) (29) 

The amplitude of the surface temperature fluctuation,  i e, ,  Ts 

2  r 

depends upon the dimensionless puise width c and the factor on/i  .    For c - 1, 

l. e. continuous heat flux    T ~ 
'liiax 'mm as is to be expected     From Equa- 

tion 26 it is readily shown that 

so that 

<2n 

2'n (2n-l)2V^ 4 r 
(30) 

From Equations 28 and 29 it thus follows that if >a^/(   ) << 1 then surface tem- 

perature fluctuations also will be quite small.    This is evident if the exponentials 

in Equations 28 and 29 are expanded so that the following equation is obtained 
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max min 

W? 

n 

n=l 

-5 0       C  (1   -  C) +  0   -5 fl 
£2   n I    f2   n (31) 

where cq l/k is the temperature drop through the plate if the heat pulses are 

replaced by a steady heat flux cq  .    The series (Equation 31) is only carried 
2W 2 

to n. such that for n < n„    aTß   /l   << 1     For n > n. the series expansion 

of the exponentials in Equations 28 and 29 no longer will be valid.    If n. is suf- 

ficiently large the portion of the series (Equations 28 and 29) with n > n. will 
2 

be negligible since p   ~ 1//3    .    In that case Equation 31 provides a good approxi- 

mation of the amplitude of the temperature fluctuation. 

A specific example will be considered.   Assuming, somewhat arbitrarily, 

that it is necessary that 

9 
arts 

n 

*2 
0 01 

for Equation 31 to be valid, and that n„ is such that ß 
£ n 

condition 

10 it follows that the 

-I<0.01 

must be satisfied     In such case the dimensionless temperature fluctuation 

given b> Equa'ior 31 will be approximately   025 since 

n      }2 V 2 

Thus the surface temperature fluctuation is essentially negligible.    Now assum- 

ing a bras 

Section C, 

-4    2        2 
ing a brass pla:e with a - 3 6 x 10     ft /sec   and using the value of T found in 
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so that for 

8, 2x 10"8 ft2 

I > 2 87 x 10~3 ft     . 034 in, 

surface temperature fluctuations will be negligible. 

Phillips analysis leads to the conclusion that in most cases the time vary- 

ing heat flux may be replaced by an average steady value     The only exception 

to this result will arise if cooling system designs with very thin chamber walls 

are considered.    If temperature fluctuations are neglected the surface tempera- 

ture is given by 

T    - Tn     q 
s        0     ^w 

1    I 
k * h 

•32) 

where the film coefficient h reflects the cooling system design 

Assuming a steady heat input   the time required for the combustion cham- 

ber surface of an uncooled engine to reach the melting temperature was com- 

puted     For this purpose the solution for the semi-infinite solid with a constant 

surface heat flux, wh: 

the average heat flux 

50 surface heat flux, which is given by Carslaw and Jaeger^    , was used.    Using 

cq        -^ .2700)     900 Btu/ft  sec ^w     3 

calculated in Section C it was found that the surface temperature rises from 

540 R to 2160 R, the melting temperature of brass, in 2 seconds. 

j 

E      THE EFFECT OF DISSOCIATION AND RECOMBINATION ON HEAT TRANSFER 

In this section the effects of dissociation and recombination and of fuel- 

oxidizer mixture ratio upon the heat transfer have been investigated    As mentioned 

earlier, the recombination of dissociated species which are present behind the deton 

ation can result in an appreciable increase in the heat flux across the boundary layer 
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In a dissociating gas, energy is transported not only by conduction but also 

by the diffusion of atomic species.    The heat flux across a boundary layer in a 

dissociated gas may be increased by the recombination of atomic species within 

the boundary layer and by diffusion of atomic species from the free stream to 

the cold wall where, in most cases, recombination with heat release occurs. 

When the Lewis number, Le = (C Dp)/k, is unity the heat transfer across a 

boundary layer in contact with a cold, catalytic wall is proportional to the dif- 

ference between the free stream and wall enthalpies regardless of the energy 
51 

transfer mechanism'       The enthalpy of course must include the chemical heat 

of formation. 

For a preliminary estimate of the increase in heat transfer due to dissocia- 

tion it has been assumed that Le - 1. 0.    Consequently, it has been possible to 

use the boundary layer heat flux results used earlier, the only change being in 

the calculation of the enthalpy difference across the boundary layer. T 

The heat flux to the wall also depends upon the ratio of hydrogen to oxyen 

in the explosive mixture into which the detonation propagates.    Consequently, 

calculations of wall heat flux tove been made for 0. 40 < XJJ   < 0. 80 where 

XJJ   is the mole fraction of molecular hydrogen.    The composition of the com- 

bustion products at the Chapman-Jouguet plane have been computed by Moyle" 

and his results,  which were used in the calculations, are reproduced in 

Figure 15 

The heat flux, q      as computed earlier is evaluated by means of Equation 6 

with T     the shear stress at the wall given by Equation 9, where the subscript 

in indicates th.   M and ^are calculated at the temperature corresponding to the 

Eckert reference enfhalpy, h   ,  obtained by Equation 8. 
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The free stream enthalpy per unit mass of gas consisting of the constituents 

of the equilibrium mixture at the Chapman-Jouguet plane was computed accord- 

ing to the equation 

h^N  x. 
i--l 

H 
" Hi, 298. 16°K + AH°f 

'    e iJ 
(33) 

where W is the average molecular weight of the mixture given by 

W L x.w. 
1   1 

and the enthalpies and standard heats of formation have been taken from the 
4G 

tables in Penner The recovery enthalpy of the turbulent boundary layer was 

once again computed according to Equation 7     In computing the reference tem- 

perature from h    it was assumed that the fluid composition was the same as 

in the free stream.    The validity of this assumption is somewhat questionable 

and must be studied further. 

A wall temperature of 900 R was assumed.    Since dissociation is negligible 

at this temperature the gas at the wall will consist of H„ and H„0 for the rich 

mixtures and 0„ and H„0 for the lean mixtures 

The results of the calculations described above are presented in Table 12 

and in Figure 16     It can be seen that the heat flux values computed by taking 

dissociation into account are about 35% more than the non-dissociative value. 

The maximum heat flux occurs for a fuel-rich mixture with XJJ       0. 75 or a 

ratio of oxidani to fuel weight of 5. 3     Again assuming that the heat pulse lasts 

for only one third of the period between the passage of successive waves,  the 

maximum value of the overall heat flux   Q      to the walls of the annular motor 
w 

at XJI   = 0 75 becomes 

Q w 
max 

1660 Btu/ft2sec     115 Btu/in 2sec 
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TABLE 12.   THE VARIATION OF DETONATION PARAMETERS 
AND HEAT FLUX WITH MDCTURE RATIO 

H u 

n   i 

1 ! 
T 
1   I 

7 

H, 

0.40 

D 

ft/sec 

6.879 

R 

5893 

0.50 7,672 6314 
0.60 8,620 6510 
0.76 10,7 58 6484 
0.80 11,262 6267 

q   , No Dissociation 3   , With Dissociation 

Dtu/ft2 sec Btu/ft   sec 

1493  i 1/5 

X 
1902  i1'5 

X 

1819 2589 
2135 3298 
2723 3776 
2683 3337 

I 
I 

.1 

XH; 
V 

T? 
qw 
x 

= mole-fraction of H„ 
= detonation velocity 
= temperature behind the detonation 
= heat flux at the wall 
= distance behind detonation (ft) 

1 

I 
1 
I 
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For the mixture with XJJ - 0. 60, which was used earlier the overall heat flux 

density would be 

— 2 2 
Q   I 1480 Btu/ft sec     10. 2 Btu/in,   sec 

w X„   = 0. 60 
H2 

It is interesting to compare the above values of Q    to the nozzle throat heat 
2 W 5 ' flux of 9, 95 Btu/in.   sec computed by Curran;  et al "    for a conventional 

H„-0„,  1000-lb thrust rocket for a mixture with XH       0. 84 Scorresponding 

to maximum specific impulse).    Thus the heat flux of the RDWE is of the same 

order as the throat heat flux of a small conventional engine   and this is still 

in essential agreement with the conclusion reached in Section C 

Nevertheless, the calculations above indicate basic differences between 

the RDWE and conventional rocket motors.    For a given mixture ratio the 

temperature behind a detonation is higher than in a conventional combustion 

chamber with a corresponding increase in the dissociation of the combustion 

products.    This can be seen from Figure 17 which shows the variation of T , 

the temperature behind the detonation and T , the temperature in a conven- 
59 ° tional 300 psia combustion chamber     with Xfj       At the mixture ratio for 

which ICTD, the specific impulse of a conventional engine is a maximum,  T 

is about 1000 F lower than T .    The dissociation behind the detonation is e 
thus sufficient to cause an appreciable increase in the heat flux, as is shown 

by the calculations above     Even though the temperature T     reaches a maxi- 

mum value near the stoichiometric composition with XJJ   = 0 667.  the velocity 

difference,  (V_ - V ), across the wave continues to increase as XJJ   increases. 

Since heat flux increases with both   V-. - V ), and (h   - h   )   the maximum D       e r       w 
heat flux occurs with a rich mixture; XJJ   - 0. 75,  rather than occurring near 

the stoichiometric mixture ratio, XJJ„     0 667 
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V.    EXPERIMENTAL STUDY OF THE EFFECT OF LOW TEMPERATURE AND 
HIGH PRESSURE ON THE DETONATION VELOCITY OF H2-02 MIXTURES 

A.    INTRODUCTION 

The propellants of the rotating detonation wave engine can be injected into 
the combustion chamber in a gaseous state with temperatures near the oxygen 
vapor saturation point.    However the detonation velocity of the hydrogen-oxygen 
propellants have never hpen determined at such low temperatures (110 K), 
Furthermore the velocity of detonation is a critical parameter in the design 
of the rotating detonation wave engine.    Theoretical calculations of detonation 
velocity at these low temperatures and high pressures can conceivably be in 
error because of imperfect gas effects and lack of thermodynamic data.   Ex- 
perimentally,  Moyle3 obtained data on detonation velocities for hydrogen-oxygen 
mixtures at one atmosphere initial pressure and initial temperatures of 160°K 
to 500 K.    Gealer"obtained data for room temperature H.-O. mixtures over 
an initial pressure range of 1 to 68 atmospheres. 

The purpose of this experiment is to obtain the detonation velocity of 
hydrogen-oxygen mixtures for use in the rotating detonation wave engine design 
over a range of initial temperatures from room temperature to the oxygen vapor 
saturation point (~ 110 K) and initial pressures of 1 to 15 atmospheres.    Stoich- 
iometric and hydrogen-rich mixtures were considered of primary interest. 

The design of this experiment has been greatly facilitated by Moyleafawho 
showed that the detonation velocity for a mixture in a coiled tube is essentially 
the same as that for a straight tube (if the experiment is at ambient tempera- 
ture and pressure). 

The notation used throughout this section will be as shown below, utilizing 
a wave-fixed coordinate system with (1) representing the undisturbed gas and 
(2) the conditions behind the detonation wave (at the Chapman-Jouguet plane, 

D 
I 
I 
T 
I 
I 
I 
1 

i. e. M, 1). 

•f 

! 

Gas 
Flow 

UD 
p T 

1 l 

(1) (2) 
U, 

P T 
2 2 

^w^ 

1 
I 

1 
I 
1 
1 
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B. TEST EQUIPMENT 

A photograph of the test setup is shown in Figure 18 and a schematic of the 
test setup is presented in Figure 19.  Mixing reservoirs were located in a blast 
proof pit outside the test room.    The experiments were performed in a coiled 
tube shown in Figure 20. A straight tube was used to check the mixture ratio 
during the tests. 

The velocity of the detonation wave was measured electronically by utiliz- 
ing the ionized gases behind the detonation wave to trigger a time interval 
counter.    This was accomplished by means of an ionization probe (Figure 21) 
as an input to a thyratron circuit.   A schematic view of the velocity measure- 
ment system is shown in Figure 22, 

The detonation coil was made of stainless steel tubing,  0, 25 in,  I. D. , 
0. 50 in. O, D. ,  20 feet long and coiled in a 10 in. diameter.    Three ionization 
probes were spaced 6 feet apart with 8 feet of coil before the first ionization 
probe.    The straight detonation tube was also 0. 25 in.  I. D,   stainless-steel tubing. 

The hydrogen-oxygen mixtures were cooled to low temperatures in the 
following way    A double-walled stainless steel vessel was fabricated.    This 
vessel was filled with a liquid with the lowest freezing point commercially 
available — isopentane (112 K)     The isopentane was then cooled by bubbling 
liquid nitrogen through it, and then the detonation coil was immersed in the 
bath.    Originally it was planned to obtain temperatures below 112 K by using 
liquid nitrogen under pressure as the liquid for the bath.    This turned out not 
to be feasible because the detonation coil had to be removed from the bath 
after each run for reasons discussed later. 

The temperature of the bath and the mixture were measured by four 
thermocouples in the bath and three thermocouples located in the detonation 
coil as shown in Figure 

A model airplane type glow plug was used to Ignite the mixtures. 

C. METHODS AND PROCEDURES 

The procedure for obtaining a single data point consisted of first bringing 
the detonation coil to room temperature, purging it with gaseous nitrogen, 
replacing the blow-out diaphragm and drawing a vacuum long enough to insure 
that the detonation coil was completely dry.    Then the coil was immersed in 
the bath and allowed to come to the temperature of the bath.    Finally the de- 
sired H„-02 mixture was cooled to the bath temperature in a matter of seconds. 
Then the mixture was ignited. 
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This procedure had to be followed for each run; thus the test procedure 
was rather time consuming.   It was found that the combustion products (water) 
froze on the walls of the detonation coil, and that unless the water was removed, 
erroneous results were obtained on the next run.    Several methods were tried 
to eliminate the ice without removing the coil from the bath including a helium 
shock tube driver (gaseous piston), but due to the extremely rapid freezing 
process and the minute vapor pressure of ice at low temperatures these attempts 
were not successful 

A critical part of the experiment was the determination of the actual mix- 
ture ratio of H„-0„ used for a test.    This was done by measuring the detonation 
velocity of a given mixture at one atmosphere and 20°C in a straight detonation 
tube and comparing the result with the extensive data compiled by Moyle^ and 
verified for stoichiometric mixtures in this experiment by partial pressure 
mixing; see Figure 23. 

D.     TEST RESULTS 

The results of the experiments are presented in Table J.3, The results of 
detonation velocities for fully developed (Chapman-Jouguet) waves versus initial 
temperature of the mixture for initial pressures of 1> 5, 10,  15 atmospheres 
and 0. 500, 0. 667, 0. 730 and 0. 800 mole-fractions of hydrogen are plotted in 
Figures 24, 25, 26     and 27.   The emphasis was placed on mixture ratios of 
0. 667 and 0 730 for motor design considerations.   A cross-plot of detonation 
velocity versus mole-fraction of hydrogen is shown in Figure 28 for 10 atmos- 
pheres initial pressure.    The data for stoichiometric mixtures was taken over 
an extended period of time and with mixtures slightly different than stoichio- 
metric.    This data was corrected as shown in Table 13 in order to base these 
runs on a true stoichiometric mixture.    The data for mole-fractions of H« = 0. 80 
has a somewhat higher variation in mixture ratio ±0. 01 because at one atmos- 
phere initial pressure the mixture could not be detonated; therefore, the exten- 
sive data of Moyle°6ai 1 atmosphere initial pressure could not be utilized to 
determine the more exact mixture ratio. 

E      DISCUSSION OF TEST RESULTS 

The test results indicate that for a given initial pressure the detonation 
velocity increases at a slightly greater than linear rate as the initial tempera- 
ture is lowered down to the saturation point of oxygen.    The results for 
stoichiometric H„-0„ mixtures are compared with the theoretical results „fl 

of Zeleznik and Gordon     and with the previous data of Gealer    and Moyle     in 
Figure 29 

I 
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TABLE 13 

EXPERIMENTAL DETONATION VELOCITIES OF H2 - O2 MIXTURES 
AT REDUCED INITIAL TEMPERATURES AND INCREASED INITIAL PRESSURES 

Tube LD. = 1/4 in. Coil I. D.  = 1/4 in. 

xH2 = o 500 ±.005 

Time in Time in 
n No. Pi Jl Tube Coil uD 

(atm) (°K) (p.-sec) (/i-sec) (ft/sec) 

41 293 399 7519 
42 293 398 7538 
43 293 400 7500 
46 113 778 7712 
46 126 781 7682 

47 134 785 7643 
48 148 784 7853 
50 178 792 7575 
51 197 795 7 547 
52 293 806 7444 

53 293 808 7425 
54 293 807 7434 
55 217 798 7518 
56 228 799 7509 
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Run No. 

1 
2 
3 
5 
6 

7 
8 
9 

10 
11 

12 
13 
14 
15 
16 

17 
18 
19 
20 
21 

22 
23 
24 
28 
33 

73 
74 
77 
78 
79 

TABLE 13 (continued) 

XH2 = 0 667 ± . 0025 

(Note:   Corrected data based on 330 ß-seconds in straight 
tube (9090 ft/sec) as the correct time for XH- = 0. 667.) 

Pi 
(atm) (°K) 

293 
293 
293 
293 
293 

293 
293 
293 
293 
197 

293 
208 
293 
217 
225 

220 
293 
169 
111 
130 

169 
186 
199 
263 
113 

293 
293 
293 
284 
284 

Time in 
Tube 

(ji-sec) 

327 
328 
327 

323 
323 

324 

325 

324 

325 
325 
326 

Time in 
Coil 

(M-sec) 

656 
656 

656 
654 

642 

642 

643 
644 

645 

638 
623 
629 

639 
641 
641 
652 
625 

615 
616 

(ft/sec) 

9174 
9146 
9147 
9146 
9146 

9146 
9176 
9288 
9288 
9345 

9259 
9345 
9231 
9331 
9316 

9302 
9259 
9404 
9630 
9538 

9389 
9360 
9360 
9202 
9600 

9231 
9231 
9202 
9756 
9740 

Corrected Corrected 
Time 

(M-sec) 

662 
662 

662 
660 

656 

654 

UD 
(ft/sec) 

9063 
9063 

9063 
9091 

9146 

9176 

653 9188 
654 9176 

655 9160 

650 9231 
635 9449 
641 9360 

651 9217 
653 9188 
653 9188 
664 9036 
637 9419 

"i 
i 
1 
I 

625 
626 

9600 
9585 
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TABLE 13 (continued) 

Time in Time in Corrected Corrected 
tun No. Pi Tl Tube Coil UD Time UD 

(ft/sec) (atm) (°K) (/i-sec) (/i-sec) (ft/sec) (M-sec) 
83 5 251 613 9787 623 9631 
84 5 116 597 10,050 607 9884 
85 5 140 600 10,000 610 9834 
86 5 155 605 9917 615 9756 
87 5 165 605 9917 615 9756 
88 5 115 596 10,066 606 9900 
90 5 184 605 9917 615 9756 
91 5 217 610 9834 620 9677 
57 293 327 9174 
58 293 327 9174 

59 293 327 9174 
60 10 183 593 10,118 599 10,017 
66 293 326 9202 
67 293 327 9174 
68 10 173 592 10,135 599 10,017 
69 10 143 590 10,169 597 10,050 
70 10 122 587 10,221 594 10,101 
71 10 289 608 986£ 615 9756 
72 10 114 588 10,204 595 10,084 
73 1 293 325 9230 

74 1 293 326 9230 
80 1C 284 604 9933 614 9772 
81 10 284 603 9950 613 9788 
82 10 246 602 9966 612 9804 
89 10 117 585 10,256 595 10, 084 

126 1 293 327 9174 
127 1 293 326 9202 
128 1 293 327 9174 
129 1 293 326 9202 
130 15 288 601 9983 608 9868 
131 15 288 601 9983 608 9868 
132 15 125 584 10,274 591 10,152 
133 15 134 586 10,239 593 10,118 
134 15 153 590 10,160 597 10,050 
135 15 164 588 10,204 595 10,084 
136 15 209 594 10,101 601 9983 
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TABLE 13 (continued) 

xH2 = o 730 ±.005 

Time in Time in 
un No. Pi Tl Tube Coil uD 

(aim) (OK) (/a-sec) (/i-sec) (ft/ sec) 

25 293 301 9967 
26 293 300 10,000 
27 293 299 10,033 
29 293 602 9966 
30 293 604 9934 

31 293 604 9934 
32 293 604 9934 
34 129 578 10,381 
35 152 583 10,201 
36 158 587 10,221 

37 174 589 10,186 
38 193 591 10,152 
39 203 591 10,152 
40 222 595 10,084 
44 113 572 10,489 

92 291 300 10,000 
93 291 299 10,033 
94 291 299 10,033 
95 291 300 10,000 
96 5 291 578 10,381 

97 5 291 578 10,381 
104 5 113 559 10,733 
105 5 118 559 10,733 
106 5 137 561 10,695 
107 5 155 563 10,657 

109 5 203 567 10, 582 
98 10 291 563 10,657 
99 10 291 563 10,657 

100 10 138 549 10,929 
101 10 161 552 10,861 

102 10 120 548 10,949 
103 10 118 547 10,969 
108 10 197 556 10,791 
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lAahUj is (concluded) 

I 
I 
I 

XH2" 0. 80 ± . 01 

Time in Time in 
n No. Pi Tl Tube Coil UD 

(atm) (°K) (/i-sec) (M-sec) (ft/sec) 

110 10 291 263 11, 407 
111 10 291 264 11,364 
112 5 291 267 11,236 
113 5 291 267 11,236 
114 5 291 267 11,236 

115 10 291 263 11,407 
116 10 288 527 11,385 
117 10 288 527 11,385 
118 10 288 526 11,407 
119 10 116 516 1 1, 040 

120 10 119 516 11,628 
121 10 133 516 11,628 
122 10 148 520 11, 538 
123 10 163 520 11,538 
124 10 203 521 11,516 
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B 
In comparing theory with experiment it should be noted that the size of the 

detonation tube has a significant effect on the velocity so that the measured 
velocity is less than that predicted by the Chapman-Jouguet plane wave theory. 
Fay    has proposed that this velocity deficit is caused by a viscous boundary 
layer on the tube wall within the reaction zone.   On th- basis of a two-dimen- _ 
sional analysis, Fay obtains the following expression for the velocity deficit, 
AU 

ul" D 

where 

0. 22 it) 0.8/   ^e 

\pl Ul/ 

0. 2 

-\   ' 

and where 

3 

-4 

D - diameter of tube in centimeters 
a* - boundary layer displacement thickness 
Ui - propagation velocity of the detonation wave 

t = thickness of reaction zone 
/jg = viscosity of the gas in the combustion zone at outer edge of 

boundary layer 
Pl = initial (upstream) density 

For the stoichiometric hydrogen-oxygen reaction at one atmosphere pressure 
and room temperature Fay suggests the values t = 0. 35 cm and jUe = 12. 3 x 10 
gm cm-* sec-*.    por application to this experiment we assume that the thick- 
ness of the reaction zone (t) is primarily determined by a recombination reac- 
tion so that t is inversely proportional to the square of the initial pressure. 
Also we assume that /ie does not vary significantly with initial pressure and 
temperature. 

The results of the velocity deficit calculations are shown in Table 14. With 
this correction good agreement between theory and experiment is obtained at 
low pressures.    At higher pre.   ares a significant variation between theory 
and experiment is apparent that cannot be accounted for by the tube size effect. 
It is possible that imperfect gas effects (not considered in the theoretical calcu- 
lations of Ref 18) can be the major cause of this discrepancy. 

The predicted experimental pressure rise across a Chapman-Jouguet deton- 
ation wave may be calculated very simply once the detonation velocity is known 
by using the following well-known momentum relation developed from one-dimen- 
sional perfect-gas considerations 
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TABLE 14.  RESULTS OF VELOCITY DEFICIT CALCULATIONS 

1 US1JNU   1HEUKY  <J *   KUrUKUM,!!.  04 

1 P    (ATM) Tj (°K) Uj (ft/sec) 

1 
1 

1 293 3. 1 280 

1 200 2.9 265 

1 110 2. 6 240 

• 5 293 0. 17 17 

5 200 0. 16 16 

5 110 0. 14 14 

10 293 0.049 5 

10 200 0.046 5 

10 110 0.040 4 

15 293 0.024 2 

15 200 0.022 2 

15 110 0.019 2 
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1 ^ 
P2        +    R0T1 
Pl l + ^2 

where m is the average molecular weight of the undisturbed gas 
R- is the universal gas constant 

and     y„ is the ratio of specific heats behind the detonation wave (which from 
theory^is nearly constant) 

The results of this calculation, shown in Figure 30 for stoichiometric H„-0_ 
mixtures indicate that a mixture initially at 10 atmospheres and 120 K will 
produce a peak pressure of 7, 900 psia behind the wave. 

.1 
I 
I 
I 
I 
I 

116 



VI. EXPERIMENTAL STUDY OF THE EFFECT OF CURVATURE AND 
CONFINEMENT ON DETONATION WAVES IN ANNULAR CHANNELS 

A. INTRODUCTION 

Inasmuch as the detonation waves moving around the chamber of the RDWE 
have certain geometrical effects imposed on them that are different than the sys- 
tem effects imposed on detonations in straight tubes it was decided that a study 
of some of these effects be made in an idealized experimental system wherein 
other more complex phenomena would be eliminated     Two of these effects that 
were chosen to be studied separately and in combination were 

(1) The effect of curvature.    Detonations moving in a channel with a 
finite radius of curvature have in addition to centrifugal forces 
imposed on the high velocity gases behind the waves, a longer dis- 
tance to travel around the outer radius of the annulus than along 
the inner radius.    Due to this effect    the stability of Chapman- 
Jouguet type detonation normally measured in straight tubes might 
be affected, 

(2) The effect of confinement.    Detonations moving in channels without 
complete confinement,  i. e ,  with one   t the walls removed allow- 
ing a lateral expansion of the high pressure gases immediately be- 
hind the wave simulate to some degree the actual confinement 
occurring in the actual annular chamber of the RDWE.    This prob- 
lem was studied in this laboratory by Sommers017 and Dabora^ 
in straight tubes and it exhibited such a significant effect on the 
detonation process in straight tubes that it was believed necessary 
to assess its effect, at least qualitatively,  on detonations in curved 
channels. 

To this end experiments were performed using the three following different 
geometrical configurations all possessing the same radius of curvature (3. 75 
inches) as the small annular motor described lr. Section VII of this report: 

(1) A curved channel with the cross-sectional dimensions of 1/2 x 3/8 
inch with a radius of curvature of 3. 75 inches having complete con- 
finement , i, e. , solid walls. 

(2) A curved channel with the same dimensions as in '1) above except 
with the elimination of the inner wall allowing a two-dimensional 
expansion 'lateral relief) of the burned gases behind the wave in the 
inward,  radial direction.    Provision is made for the placement of a 
thin nitrocellulose film along this inner wall separating the unburned 
gases from the atmosphere 
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(3)   The same channel dimensions as in (1) and (2) above with one 
window removed so that the relief is in the axial direction. 

The majoruy of the experiments utilized a stoichiometric mixture of hydro- 
gen and oxygen 

B. EXPERIMENTAL TEST EQUIPMENT 

A schematic diagram of the basic test section with solid walls is shown 
in Figure 31.    A photograph of the test section is shown in Figure 32.   The 
curved section includes 270°.   Provision is made for the removal of the _ 
inner wall for the full 270°. 

A different section including only 90° was utilized for some of the studies 
of detonations with inward,  radial relief,    This section has provision for a thin 
membrane    Details of the construction and film preparation is given in * 
References 7 and 39. 

Each curved test section, when used, is attached to a straight detonation I 
tube driver section of the same cross-sectional dimensions as the curved sec- 
tions.    The straight driver section is nine feet long to insure a fully developed 
detonation wave before entry into the curved section.   A miniature glow plug 
is used for ignition purposes    A schematic diagram of the basic system ap- 
pears in Figure ?? 

C      EXPERIMENTAL PROCEDURE 

The experiments performed in the test section with the solid walls is ob- 1 
tained in the following manner    A diaphragm is used to seal the end of the test 
section, and the tube a*~d test section are evacuated by means of a vacuum pump. 
Then the H2-O2 mixture is introduced into the tube and test section from a ves- 
sel containing the pre-mixed combustible gases.    This vessel is not shown in 
Figure 3?     The mixture is then ignited, 

The experiments performed in the sections employing lateral relief are 
made in either of two ways 

(1) The H2-O2 mixture from the vessel containing the pre-mixed gases 
is allowed to flow slowly through the straight tube and test section 
for at least one minute to purge the air and other gases completely. 
The valve to the pre-mixed gas vessel is closed and the end of the . 
test section is sealed immediately with masking tape. The mixture 
is then ignited 

(2) A flowing system of H2-O2 is introduced continually through a mix- 
ing tee 'F.gurf 33 ) and metered by means of sonic orifices in each 
line     The mixture is ignited with the system flowing.    This method 
was also employed when utilizing the test section with solid walls 
for reasons discussed later 
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For each method, the detonation velocity is measured in the straight tube 
by means of ionization probes    In addition, the time interval to the spark light 
discharge is also measured.    Two CMC,  Model 757 BN time interval counters 
are employed for the two measurements.    To photograph the waves, a schlieren 
system is used employing six inch diameter mirrors instead of the lens system 
shown (for simplicity) in Figure 33.    The effective exposure time for the high- 
voltage, capacitor-discharge light source is approximately 0 1 /i-sec, 

D.    RESULTS 

Because of the presence of small leaks, the final experiments utilizing 
the test section with solid walls employed the flowing system for consistency 
of results. 

In addition, for the experiments employing lateral relief, the method of 
charging the tube by first purging and then sealing the end was found undesir- 
able because it was determined thai the unburned mixture partially diffuses 
through the thin membrane in the time interval of about three seconds between 
the closing of the valve and ignition.    This effect was determined by noting 
that the degree of wave curvature could be changed by varying the aforemen- 
tioned time interval. 

For this reason the following experiments were performed employing the 
flowing system     Figure 34(a) shows a typical schlieren photograph of a deton- 
ation wave with inward radial relief provided by utilizing a thin nitrocellulose 
membrane on the inner wall.    The wave curvature is quite similar to a wave 
shown in Figure 34(b) propagating in the curved channel with solid walls.    Note 
that the direction of travel is different for the two waves,  I, e. , the wave in 
Figure ?>4(b) is moving counter-clockwise.    On the premise that the d   ,ree of 
wave curvature near the relief boundary is a measure of the degree of confine- 
ment of the wave01',  it is concluded that the confinement provided by the thin- 
nest nitrocellulose membrane successfully employed is essentially the same 
as that provided by the solid walls.    It is for this reason that the experiments 
performed utilizing the membrane were not carried out to a more definitive 
conclusion * 

"The reader is referred to the work of Dabora*^ for a comprehensive study 
of this confinement effect utilizing extremely thin ',230 A) membranes 
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A composite distance versus relative time plot of stoichiometric H2-O2 
detonation waves in the solid walled curved section employing a flowing sys- 
tem is shown in Figure 35.    The distance as shown is obtained by measuring 
the wave position along the outer walL   It is apparent due to the linear nature 
of the average of the experimental data that the wave velocity is constant 
throughout the curved section.    The wave velocity obtained from the slope of 
the average line is 9762 ft/sec.    From similar plots the velocity on the inner 
wall and on the cen*er line are 8541 ft/sec and 9152 ft/sec respectively.   The 
average wave velocity measured in the straight tube before the curved test sec- 
tion is 9159 ft/sec, a vake very close to that observed along the center line of 
the curved section. 

A schematic drawing showing the essential features of a typical detonation 
wave in a curved channel is shown in Figure 36,  obtained from typical schlier- 
en photographs similar to Figure 34(b).    Two interesting effects are shown in 
addition to the curvature of the wave from the radial direction.    First, it is 
noted that stria exist in the burned gases behind the wave, a characteristic 
typical of detonations.   Also observable are multiply-reflecting shock waves 
emanating 1r.1tlally from the outer wall intersection with the detonation wave 
front.   It is apparent that such a reflected wave must accompany an oblique 
shock wave ;n steady flow.   Upon close scrutinization of many original photo- 
graphs i! appears that the observed stria indicate the approximate direction 
of the streamlines in the burned gases because they are deflected in the same 
manner as that predicted by two dimensional oblique shock theory.   It is con- 
cluded therefore that the observed shock system (which does not dissipate 
with the distance travelled by the wave in the curved tube) is a characteristic 
of a steady s'aie detonation in a curved channel, 

It is of irteresi to calculate the theoretical pressure gradient in the radial 
direction.    This quantity is represented by the following relation* 

P2    •Ü2V22 

or r 

where P2   ^2 "r>d \'z aie 'he pressure, density and absolute gas velocity in 
burned gases immediately behind a detonation wave,    Using theoretical values 
for the properties behind a stoichiometric, C-J detonation (initially at 1 atmos- 
phere and 1 com temperature1, a value of 63. 5 psi/inch is obtained using rela- 
tion   1).    lJtili7ing the experimental distance of 1/2 inch between the outer and 
inner wall   a value of about 32 psi is obtained for the overall radial pressure 
differential theoret-rally pred.cted using the 1/2 inch section.    It is to be noted 
that this differential is about 12% of the theoretically predicted pressure, P2, 
of 276 ps'a immediately behind a one-dimensional detonation 
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Another method can also be used to predict the radial pressure gradient 
behind a detonation in a curved channel by utilizing the momentum equation 
across the wave, 

2 
P9   i + y, M 

1     1 + ^2M2 

I 

where Mj and M2 are the Mach number in the unburned and burned cases 
1 respectively for a one-dimensional wave.    The Mach number normal to the 

wave which is required by this relation can be obtained from measurements 
of the wave angle at points along the wave    It was determined from the ex- 

Iperiments that the angular deviation of the wave from the radial direction 
varied from zero at the inner wall to 16. 4° at the outer wall    Using relation 
(2) above, the pressure differential across the channel is calculated to be 
about 47 psi which compares favorably with the value of 32 psi predicted by 
Equation 1, 

Other tests were made utilizing *he 270o curved test section with the in- 
ner wall removed and using a flowing stoichiomemc mixture of H2-O2 
Figure 87 is a schlieren photograph of a typical detonation wave in this sys- 
tem     The wave is approximately 250° from the beginning of the curved sec- 
tion.    Because of the lack of detail on the photographs  Figure.">Nis included 
as a sketch of the essential details.   With the flowing system utilized, a 
high concentration of combustible mixture is maintained apparently due to 
centrifugal effects allowing the detonation wave to be sustained    Although 
some mixing must be occurring between the unburned mixture and the atmos- 
phere, the effect must be small, at least near the beginning of the curved 
section    Also just visible in Figure s7 is the first reflected wave originating 
from the intersection of the detonation wave and the outer wall.    Multiple re- 
flected shock waves are not observed due to the absence of a reflection from 
the gaseous interface between the burned gases and the atmosphere. 

Figure 39 shows a distance versus relative time plot from a limited num- 
ber of waves     Again,  in a manner similar to the case with the tube having 
solid walls, the velocity (slope) of the average curve seems to be linear.    How- 
ever,  in comparing the detonation velocity at the channel center line with the 
velocity obtained previously with a solid wall inner boundary   the velocity ob- 
tained with the inner wall removed appears to be about 7, 5% lower over the 
complete length of the curved section     This is rather surprising inasmuch 
as it would appear that the mixing effect between the unburned gases and the 
atmosphere would become progressively more noticeable as the wave moves 
into the curved section     From the experiments, apparently this effect is not 
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measura jle ever the distance involved, and the degradation of about 7. 5% in 
the detonation wave velocity is actually due primarily to the relief effect of the 
unconfined gases behind the detonation wave.    It is to be noted that certain 
theoretical and experimental results of the related study**** tend to support 
these observations. 

Figure 40 shows a schlieren photograph of a detonation wave propagating 
in a channel with one window removed so that in effect an expansion of the 
burned gases takes place in the axial direction.    The wave has passed through 
the first four inches of the curved section.   It is apparent from the photograph 
that the detonation wave has degenerated into a curved shock front followed by 
the combustion zone (indicated by the turbulent region beginning about 1/4 inch 
behind the initial shock wave).    It is quite possible that the detonation wave is 
in the process of being quenched due to the mixing processes which could be 
more pronounced for this case where centrifugal effects are not encountered 
in the same stabilizing manner as in the case with the inner wall removed. 

E.     CONCLUSIONS 

(1) In genera] it can be stated that in curved channels of rectangular 
crossection of the same approximate dimensions as that utilized 
here) detonation waves will propagate at velocities (measured at 
the chanrel centerkr;e) equal to that observed in straight tubes, i. e., 
velocities very nearly those predicted theoretically for Chapman- 
Jouguet detonations. 

(2) With lateral relief on the inner wall, measured detonation velocities 
in the curved channel, utilizing nearly stoichiometric H2-O2 mix- 
tures, appear tn suffer a degradation of no more than 7. 5% compared 
to the measured velocities of completely confined waves. 
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VIL    EXPERIMENTS ON THE GASEOUS ANNULAR MOTOR AND 
THE LINEAR MOTOR 

A.    INTRODUCTION 

A schematic diagram of the annular motor showing critical dimensions is 
presented in Figure 41  and a photograph of the nozzle end of the motor is shown 
in Figure 42. The propellants are injected at the upstream end of the combus- 
tion chamber and mixed by impingement.    The ignitor (either a spark plug or a 
small detonation tube) generates a detonation wave which progresses around the 
annular combustion chamber and the burned gases are exhausted through the 
nozzle.   The pressure at any given position in the chamber is thus time varying. 

The design and initial testing of the annular motor was carried out at The 
University of Michigan in 1961. At that time funds allowed only a prelimi- 
nary examination of the concept.    The instrumentation utilized for diagnostic 
purposes was one Photocon        pressure transducer with a 30p-sec rise time 
and a 16 mm Fastax motion picture camera with a minimum framing period of 
140 microseconds per frame.    These early tests indicated that a detonation 
wave could be initiated in this annular test section.   On the basis of the test 
data it was also believed that successive rotations of the wave occurred. 

The design of the annular motor was based on the assumption that the det- 
onation wave would propagate around the annulus with nearly the same charac- 
teristics as a Chapman-Jouguet detonation in a closed tube.   The propellant 
was to be supplied from standard 2000 psi, 300 cubic feet cylinders, and the 
motor was to be operated within the laboratory.   Hydrogen and oxygen were 
chosen as propellants in that they are convenient to handle and much is known 
about their detonation characteristics so that theory and experiment could be 
readily compared.    The detonation velocity of near-stoichiometric mixtures 
of hydrogen and oxygen is about 10,000 ft/sec.    The ideal operating condition 
of the detonation motor is such that the combustion chamber will always be 
filled with unburned gas just ahead of the detonation wave.   Thus the propel- 
lant flow rates per cross-section of combustion chamber must be much greater 
than in a conventional rocket motor.   And furthermore, if designed properly, 
the axial velocity of the unburned gas in the chamber will be greater than the 
turbulent flame speed (100-200 fps) so that theoretically deflagration after the 
detonation wave is minimized.    In this regard there should be no protrusions 
in the combustion chamber which would tend to act as flame-holders.    For 
safety reasons it was decided not to premix the hydrogen and oxygen, but 
rather to use discrete impinging injectors.    The nozzle was designed to par- 
tially confine the detonation wave but still allow the combustion chamber to 
blow down to near ambient atmospheric pressure just ahead of the wave to 
minimize the mass flow requirements. 
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During the first part of this study the equipment used in the preliminary 
tests was completely reworked.    The motor was mounted on a new test-stand. 
The propellant feed lines were modified and the propellant supply banks en- 
larged.   Control equipment associated with the motor and with high-speed cam- 
eras   was fabricated and installed.   New pressure instrumentation for the 
motor was incorporated into the test setup. 

The first part of the test program consisted of attempting to duplicate the 
earlier tests.   In these tests it became apparent that multiple rotations of the 
wave were not occurring in spite of running all possible combinations which 
had been used in the earlier tests.   These tests, utilizing either the detona- 
tion starter tube or a spark plug initiator, resulted in two detonation waves 
originating at the point of initiation in the annular combustion chamber of the 
motor.    These waves propagated in opposite directions in the annulus and 
hence collided at a position approximately 180° from the point of ignition. 
The collision resulted in reflected shock waves which were rapidly attenuated 
and no subsequent pressure disturbances were observed.   Photographs of this 
collision process taken with an 8 mm Fastax motion picture camera at approx- 
imately 70 microseconds per frame are shown in Figure 43.   It should be men- 
tioned that attempts to shield the spark plug and to place a thin metal diaphragm 
on a hinged mount across the combustion chamber near the point of initiation 
were not successful in stopping the generation of the "backward" propagating 
wave 

In view of these difficulties it was apparent that nothing could be learned 
from the annular motor until a unidirectional wave could be initiated.    In order 
to investigate the starting problem more fully a linear model of the annular 
motor was built.    The tests in this linear motor and subsequent tests in the 
annular motor will now be described in detail after first describing the test 
equipment, procedure, and instrumentation. 

B.     TEST EQUIPMENT AND INSTRUMENTATION 

Two basic lest configurations were used and are referred to here as the 
annular motor and the linear mo'ci.    Both test models used the same propel- 
lant sequencing system and similar instrumentation. 

The a..r.ular mote;, which w<is made of brass, consisted of five separate 
sections (as shown m F.gure 41) for ease in changing geometry.   Each section 
was sealed by me<ins of   O   rings.   The fuel and oxidizer were kept separate 
in the • anifold ard Injected through small discrete orifices, impinging (like 
on unliKe'i in the combustlor chamber.    These injector orifices were removable 
and various sizes were used.    For the majority of the tests the hole diameter 
of the fuel injectors Was 0, 017 inches and the hole diameter of the oxygen 
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injectors was 0. 024 inches.    Seventy-two injector pairs spaced 5   apart (0. 326 
inches apart along a 7. 5 inch diameter circle) were used.    The fuel and oxygen 
injectors were offset to the axial direction at 40° and 7 1/2° respectively so 
that the momentum balance upon impingement would yield a nearly axial velocity. 
The discharge coefficient for an individual injector was measured by allowing 
the gas to flow from a high pressure source through the injector and into an 
evacuated tank of known volume.    Six tests of one hydrogen injector using hydro- 
gen at 500 psi indicated that the discharge coefficient was 0. 74 based on nominal 
hole size.    Two tests of one oxygen injector using oxygen at 500 psi indicated a 
discharge coefficient of 0. 80.    It is felt that tests of the entire injector assembly 
should be made to obtain accurate results, but the above results indicate approx- 
imate values.    All the mass flow rates and mixture ratios given in the section on 
test results are based on a discharge coefficient of unity. 

Two different initiators were tried:   a detonation tube starter and a spark 
plug.    The detonation tube starter consisted of a 3/8 inch steel tube which was 
inserted through the wall of the combustion chamber and curved in a circum- 
ferential direction in the annulus.    Gases were drawn from the propellant supply 
lines and mixed before passing a small spark plug as shown in Figure 42.    The 
other method of initiation utilized was a flush mounted spark plug in the wall of 
the combustion chamber.   The energy of the spark was less than 30 millijoules 
(due to line losses) obtained by discharging a 1 microfarad capacitor at 250 volts. 
The spark plug was used in all the later tests because it did not protrude into 
the combustion chamber. 

A schematic diagram of the propellant feed system is shown in Figure 44 
The fuel supply and oxygen supply consisted of six 300 cubic foot cylinders 
each at 2000-2400 psi.    One-half inch steel tubing (3/8 inch inside diameter) 
led from the supply tanks through the Grove Powreactor Dome pressure con- 
troller (Model GBX-206-03) to the solenoid operated propellant valves (Marotta 
Model MV 36) and finally to the manifold of the motor (Figure 45). The desired manifold 
pressure level was set manually on the Grove pressure regulator before the run. 
The time that the solenoid valves were open and the timing of the spark were 
controlled by electronic time delay units.   A typical oscillograph record of the 
sequence of events is shown in Figure 46 .   When the sequence button is pushed 
the propellant solenoid valves open and time delay units for the spark and valve 
shut-off events are initiated.    The spark is timed to fire as soon as the mani- 
fold pressures in the motor have reached steady state values.    The closing of 
the propellant valves is adjusted to allow about 10 milliseconds (approximately 
50 rotations of a detonation wave) of steady state manifold pressure before 
shut-off. 

It should be noted that with the injectors mentioned above and the oxygen 
supply cylinders at 2000 psi, a 700 psi drop from the oxygen supply bank to the 
oxygen manifold of the motor was measured during a test run.    This rather 
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large loss was traced to a 200 psi drop across the valves of the six supply bot- 
tles, a 400 psi drop due to friction in the 1/2 inch supply lines and a 100 psi 
drop across the Grove pressure regulator.   Only about a 200 psi drop was meas- 
ured in the hydrogen supply system. 

The manifold pressure measuring (and thus mass flow and mixture ratio) 
instrumentation consisted of two Norwood, bonded-strain-gauge pre/sure trans- 
ducers (Model 104) mounted in the inlet manifolds.    The signals were dc ampli- 
fied and displayed on a Visicorder type oscillograph. 

The pressure-time history in the combustion chamber was measured with 
several high response Kistler quartz pressure transducers flush-mounted in 
the walls of the combustion chamber.    The signals were amplified by electro- 
static charge amplifiers and fed to an oscilloscope where they were again 
amplified and then displayed on the fare of the scope.   Polaroid pictures of the 
face of the scope were taken to record the data.   A Model 601 Kistler transducer 
was used with a Kistler amplifier-calibrator as an indication of the position of 
the wave at a given time, but not to indicate the actual pressure level.    Two 
Kistler 603 pressure transducers were used with Kistler charge amplifiers 
(Model 566 M) to determine the actual pressure-time history of the motor. 
The response and calibration of the 603 pickups was checked by testing them 
in a straight detonation tube.    The results are presented in Figure 47.    Fig- 
ure 47^) shows an unmodified response to a Chapman-Jouguet detonation of a 
40% hydrogen-60% oxygen mixture by volume.    The second rise in the signal 
is due to a reflected shock off the closed end of the tube.   The unmodified sig- 
nal was unsatisfactory for diagnostic purposes because of the large oscillations 
and therefore a 27, 000 ohm resistor was added in series to the input side of 
the charge amplifier in addition to a high frequency filter.   As shown in Figure 
47 the rise time of the modified signal is about 10 microseconds and the ampli- 
tude of the initial response has been reduced.   Using the theoretical peak pres- 
sure behind the detonation wave of 250 psi, a sensitivity for the modified signal 
of 0. 160 picocoulombs/psi was calculated (compared to the advertised S3nsitiv- 
ity of 0. 405 pCb/psi)    It was found that the signal from a Kistler 603 pickup 
which was flush mounted in the motor or in the detonation tube would drift be- 
low the zero po:r,t several hundred microseconds after the passage of the wave. 
It was believed that this was a temperature effect and to eliminate the problem 
either scotch tape (. 0005 in. thick) or silicone grease over the exposed end of 
the pickup was successfully used without changing the sensitivity.   The grease 
would ablate and was replaced before each run in the motor tests. 

High speed motion pictures of the exit plane of the motor were taken with 
two different cameras    During the earlier part of the studies an 8 mm Wol- 
lensak Fastax camera in ccnjunction with a Goose control unit (Model J-515) 
was utilized.    The maximum framing rate was ~ 14,000 pictures per second. 
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Most of the photographic data was obtained with a Beckman and Whit ley Dynalax 
camera, Model 326, using 35 mm Tri-X film which was developed in either 
Rodinol or Baumann Diafine.    This camera obtained 224 frames with a frame 
separation time of 38. 4 p-sec, which was measured by means of a Computer 
Measurements counter-timer (Model 727 BN) with the input signal from a mag- 
netic pickup.    The effective exposure time used was four microseconds per 
picture.    The open time of the capping-shutter was controlled wiih an electronic 
time delay unit sequenced to the motor operations.    The available light from 
the detonation was sufficient with hydrogen rich mixtures and methane-oxygen 
mixtures, but was insufficient for lean hydrogen runs. 

The motor tests were conducted in an isolation room which had one foot 
thick concrete walls with a glass viewing port     The instrumentation and pro- 
pellant sequencing equipment were located outside the isolation room as shown 
in Figure 48.    Since the propellant valves employed (particulanly the oxygen 
valve) required about 200 milliseconds to fully open i,see Figure 46), a consid- 
erable amount of propellant diffused into the test room before ignition.    This 
excess propellant would then explode in the test room at the time of ignition 
of the motor thereby creating a brief but. violent over-pressure in the room 
which was also hard on the equipment in the isolation cell.    A large portion 
of the roof was removed before each run to minimize this problem. 

As stated above the linear motor utilizes the same propellant feed system, 
test stand and instrumentation as the annular motor.    The construction of the 
linear motor is similar to the annular motor, and may be visualized by cutting 
the annular motor along a radial line and forming it into a straight test section. 
The walls of the test section were removable so that met«d or plexiglas could 
be used.    A photograph of the linear motor on the test stand is shown in Fig- 
ure 49, and an exploded view is shown in Figure 50.    It was originally hoped 
that spark-schlieren photographs taken through the windows would be employed; 
however, two difficulties became apparent.    First the plexiglas windows had 
to be changed after each run.    Second, the test section was forced out of align- 
ment due to the repeated detonations and thus high temperature glass such as 
Vycor could not be used,    One condition not simulated in the linear motor was 
the injector spacing,    The linear motor had 36 injector pairs spaced ~ 5/8 inch 
apart     The annular motor originally had 36 injector pairs but was modified to 
72 injector pairs for the later portion of the tests described in this report. 

C.     TESTS IN THE LINEAR MOTOR 

The purpose of the tests in the linear motor was to study methods of achiev- 
ing a unidirectional wave which could be utilized in the annular motor.    More 
specifically, the propagation of a detonation wave from the starter tube into the 
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motor was s'udied, and the idea of blocking several injectors adjacent to the 
initiator as a means oi achieving a unidirectional wave was investigated.   Fin- 
ally, the use of a frangible diaphragm across the combustion chamber to confine 
the detonation wave was studied.   One advantage of the linear motor over the 
annular motor was thai *he starting problem could be separated from the wave 
propagation problem.   That is, by igniting the linear motor at one end a unidirec- 
tional wave is insured, ar.d if a second wave is started from the same end about 
200 microseconds after the first, it should be possible to simulate grossly the _ 
conditions for a 'second rotation' of the wave in the annular motor.   This experi- 
ment was also tried and will be described later. 

I The propagation of a detonation wave from the starter to the chamber was 
studied in linear motor configuration   shown in Figure 51 (a).   Hydrogen and 
oxygen gas was conducted from the manifold to two small mixing orifices at the 
upstream end of the starter tube and the mixture was ignited with a spark plug. 
Optical studies of the wave propagation were conducted by means of spark-schlieren 
photographs.    One of these photographs is shown in Figure 52.    The detonation wave . 
propagated out of the starter in a somewhat spherical fashion so that for a stoichio- 
metric mixture in both the starter and the motor, a detonation wave is started 
readily in both directions.    Notice that the forward moving wave has travelled 
approximately twice as far as the backward moving wave at the time of the 
photograph.    No significant time delay was observed in transition from starter 
to motor.   Also the bright areas in the left side of Figure 52 indicate that the 
starter *ube may act as a flame holder.    Schlieren studies were severely limited 
because the optical quality of the windows was destroyed after each run (e. g., 
Figure 53). 

The propagator of a second waire down the linear motor at a distance of one 
test section length ,24 inches) behind the first wave in order to simulate the sec- 7 
ond rotation ->f the detonation wave in the annular motor was studied in configura- i 
tion  bl of Figure 51     The starring tubes, which in this case were flush with the 
end of the tes' section, had thin diaphragms on the end and were filled with a 
premixed hydroger -oxyge.', mixture.    A spark was used to initiate the detona- 
tion Wctve     lor i/ation probes and a Kistler 603 pressure transducer were used 
to establish the wave patterns.    »Optical study was not attempted because of 
difficulty with the  »ir.dows )   Typical results from the linear motor configuration 
b) tests are sh< wn ir Figures 54 and 55     Figure 54 is a modified Kistler 603 

pressure recording of the starting pulses alone.    In all of the tests a dc drift 
of *he trasducer occurred     Figure 55 shows pressure recordings of runs 15 
and 16 which were conducted under the same conditions but with the pressure 
transducer in two different positions    If the second wave did detonate in the 
combustion chamber a sharp rise should be evident at 200 M-sec; which is not 
indicated in Figures 55a or 55b     In Figure 55a a very weak pulse (from the 
starter tube1 appears at about 200 j^-sec, while in Figure55b the reflected shock 
off the end of the combustion chamber appears at about 625 /i-sec    A criticism 
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of these tests is that the second wave is emitted from a 1/4 inch ID tube, whereas 
in the annular motor the wave would start its second rotation filling the entire 
chamber,    Also measurements of the detonation wave velocity in the combustion 
chamber were made with lomzation probes.    These measurements indicated that 
the first detonation wave travelled at nearly the same speed sn the motor as in 
the starter tube.   No significant time delay due to transition from slarter to 
motor was observed. 

The method of obtaining a unidirectional start by blocking injectors adjacent 
to the starter was investigated in the linear motor by blocking five injector pairs 
in the center of the test section.   It was found that a detonation wave started at 
the edge of the blocked injector region was delayed from passing through the 
blocked injector region by 100 microseconds for a s'oichiometric mixture with 
a mass flow of 0. 45 pounds per second, while a detonation wave starting at the 
end of the test section was delayed about 50 microseconds by the blocked injec- 
tor.region.   Since the blocked injector region mus* 'hold   for about 200 micro- 
seconds (in the annular motor) the number of blocked injectors must be increased. 
However since it is obvious that the number of blocked injectors must be increas- 
ed even more as the mass flow is increased   it wds felt that this method would 
not be satisfactory.   It should be noted, however, that if an inert gas could be 
injected in a small region adjacent to the spark plug, this method might be 
successful.    This was not attempted due to the complexities involved 

The final method of starting a unidirectional detonation wav   which was 
investigated was to place a frangible diaphragm across the combustion chamber 
adjacent to the spark plug 'configuration c) of Figure 51)     The diaphragm should 
be  strong enough to contain the wave from propagating ' backwards' for 200 
microseconds but weak enough to burst rapidly when struck by a full strength 
detonation wave from the other side     The linear motor greatly simplified the 
initial study of the diaphragm burst problem because H insured a cor trolled 
experiment.    The first problem encountered was the extreme difficulty in seal- 
ing the diaphragm to the combustion chamber     Ir was fourd tha' a detonation 
wave could be transmitted through even the smalles' of leaks     The method used 
was to machine two 1/8 x 1/8 inch grooves m the »alls of the combustion cham- 
ber and nozzle     The diaphragm material was glued or soldered to two steel 
diaphragm  holders which were 1/16 inch thick and inserted in the grooves. 
A clearance of about 0. 002 inch was allowed and cracks sealed with silicore 
grease.    It was further observed tha* it was ret sufficient just to block the com- 
bustion chamber but that the nozzle and the area outside the nozzle must be 
blocked also.    This 's the case because 'he spark ignition must be delayed to 
allow the solenoid valves to fully open thereby allowing propellant to flow out 
of the nozzle   I, e. , into the room) and the detonation wave propagates in and 
outside the nozzle also.    Af-er it was established with pressure transducers 
and 8 mm Fastax motion pictures that the wave could be contained for at least 
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300 microseconds with a 1/8 ir.ch plate, several thin diaphragm materials were 
tried.    For example, cellulose acetate film 0. 006 inch thick contained the deton- 
ation waves about 200 microseconds.   The next step was to obtain a diaphragm 
suitable for the annular motor. 

TESTS IN THE ANNULAR MOTOR 

II 

D 
!i 
-T 

All of the tests described in this section used a frangible diaphragm across 
the combustion chamber adjacent to the spark.    The spark plug initiator was 
used rather than the detonation tube starter because the spark plug was less of 
a protrusion into the combustion chamber.   In all of these tests 72 injector pairs 
were used and the prope!lanf mass flow was approximately one pound per sec- 
ond.    The first phase of the tests was to choose the proper diaphragm material 
and thickness    After the diaphragm was chosen the ability of the annular motor 
to sustain multiple rotations of the detonation wave was investigated using hydro- 
gen-oxygen mixtures and methane-oxygen mixtures and with several nozzle 
geometries. 

Photographs of the diaphragm and external plate mounted in the annular 
motor are shown in Figures 56 and 57.   In a manner similar to the linear mo- 
tor, the diaphragm was secured to a diaphragm holder and the assembly inserted 
in grooves in the walls of the combustion chamber and sealed with silicone 
grease.    Motion pictures with the Beckman and Whitley camera and Kistler 
pressure transducers were used to determine the behavior of the diaphragm 
after ignition.    The- cellulose acetate film diaphragm, which was strong enough 
in the linear motor, ruptured ir. less than 100 microseconds in the annular 
motor.   Various materials and thicknesses were tested in the annular motor 
in order to find the proper design to contain the   backward" propagating wave, 
and the results are shown in Table 15   Difficulty was experienced in bonding 
the diaphragm material *o the diaphragm holder; soft solder produced the only 
consistent bond.    For hydrogen- oxygen mixtures 0. 0015 inch brass and 0. 0010 
inch steel exhibited the best characteristics and this result was not affected 
significantly by variation of the mixture ratio.    The 0. 0010 steel diaphragm 
was chosen for the rema.r.der of the testing with hydrogen-oxygen    When 
methane-oxygen was used it was found that the diaphragm thickness had to be 
changed for difierer.t mixture ratios due to the variation of the pressure ratio 
of CH4-O2 detonations with mixture ratio.    For mixtures of less than 16% 
methane by volume the 0. 0010 inch steel diaphragm was utilized and for mix- 
tures of more than 33% methane the 0. 0020 inch steel diaphragm was most 
satisfactory, while for all mixtures in between the 0. 0015 inch steel diaphragm 
was selected. 
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TABLE 15.    RESULTS OF DIAPHRAGM TESTS IN ANNULAR MOTOR 
WITH HYDROGEN-OXYGEN 

Diaphragm Bond Thickness Remarks 
Material Material (inch) 

Cellulose Epoxy 0. 0060 Too weak 
Acetate 

Mylar Epoxy 0. 0075 Would not bond 

Mylar Epoxy 0, 0050 Would not bond 

Mylar Epoxy 0.0030 Would not bond 

Brass Solder 0.0010 Too weak 

Brass Solder 0.0015 Satisfactory 

Brass Solder 0.0020 Too strong 

Aluminum Epoxy 0.0010 Too weak 

Steel Solder 0.0010 Satisfactory 

Steel Solder 0.0015 Too strong 

Stainless Epoxy 0.0010 Would not bond 
Steel 

Stainless Epoxy 0.0008 Would not bond 
Steel 

Stainless Epoxy 0. 0006 Would not bond 
Steel 

Titanium Epoxy 0.0006 Too weak 

Note    Unsupported diaphragm area 1/2 x 2 1/2 inches. Diaphragm supported 
1/8 inch around all edges. 
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The tests to determine the characteristics of the transmission of the dia- 

phragm were conducted over a wide range of mixture ratios and nominal mass 
flow ratss of 1. 0 to 1. 25 lbs per second.   Also two different nozzle geometries 
were investigated.    In one case the nozzle was as shown in Figure 41 with the 
ratio of the area of the combustion chamber* to area of nozzle throat (Ac/At) 
equal to two.    In the other case Ac/At = \, i. e. , nozzle section becomes an 
extension of the combustion chamber.   Originally it was planned to test just 
hydrogen-oxygen mixtures, however as the problems became more evident 
it was decided to test methane-oxygen mixtures also because the latter has 
lower deflagration velocities» has a higher detonation pressure ratio, and has -j 
better photographic characteristics because of a luminous flame.    Some of 
the results from the tests are shown in Figures 59 to 64.    Figures 59» 60 and 
62> 63 are Kistler pressure transducer records of the combustion chamber, 
while Figures 61 and 64 are typical photographs of the nozzle end of the motor 
(i. e. , the view shewn in Figure 57) taken with the Beckman and Whitley camera. 
The frames alternate between the strips, time between each frame is 38. 4 micro- 
seconds.   Pressure transducers were located at various positions around the 
channel as shown in Figure 58.    Station location 6 was used primarily to indicate 
that the diaphragm held for the full rotation of the first wave and does not indi- 
cate the magnitude of the pressure.    Since only two Kistler 603 transducers 
and amplifiers were available, they were placed in various positions on suc- 
ceeding runs, 

A point to be noted is that the transducer located at station 1 is very close 
to the diaphragm and it is possible that pieces of the ruptured diaphragm can 
strike this transducer.    This phenomena is shown, for example, in Figure 63 
runs 221,  222,  223.    The large deflection which occurs at 520 microseconds 
is interpreted as the diaphragm striking the transducer.    (Note zero time oc- 
curs when the upper beam is first deflected by the passage of the detonation 
wave. )   This large deflection occurs only on some of the runs and is of vary- 
ing amplitudes  it is never evident at station 2.    It should be noted that the 
rupturing of the steel diaphragm occurs in general as a shearing out of the 
whole unsupported diaphragm piece which can usually be found on the floor 
after the run.    On several of the runs it was possible to observe the ruptured 
diaphragm on photographs taken with the Beckman and Whitley camera.    It is 
therefore felt that this large deflection is definitely the mechanical action of 
the diaphragm striking the transducer and not a gasdynamic effect. 

. 

♦As used here Ac represents the combustion chamber area in a plane 
normal to the axial direction. 
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E.    DISCUSSION OF THE TEST RESULTS OF THE ANNULAR MOTOR 

First, a detailed interpretation of Figure 63 run 221 will be given to indi- 
cate the method of analysis.    Referring to Figure 63 run 221 and the station 
location diagram (Figure 58) the following interpretation is made; the combus- 
tion is initiated at zero degrees, passes the 20° point (station 1) with a pres- 
sure level of the order of 150 psi, moves between stations 1 and 2 with an 
average velocity of 5500 ft/sec, moves between stations 2 and 6 with an aver- 
age velocity of 6150 ft/sec and strikes the sealed diaphragm     The diaphragm 
ruptures quite rapidly and a pressure pulse is transmitted past station 1 at 
360 microseconds with an amplitude of about one-third the original wave. 
The pressure pulse continues to station 2 with an average velocity of 5500 
ft/sec but with decaying amplitude, and eventually decays to ambient, atmos- 
pheric pressure.    Note that the velocity of the wave in the chamber agrees 
within a few percent with the Chapman-Jouguet detonation in a closed tube for 
a 61. 5% methane-oxygen mixture as given in Figure 65. 

Examination of the data reveals that in all cases the pressure pulse which 
is transmitted through the diaphragm does not generate a detonation wave, but 
rather it decays     The magnitude of this transmitted pressure pulse is greater 
for the nozzle Ac/Aj = 2    However when Ac/At - 2 the pressure in the cham- 
ber has not "blown down" to a pressure of one atmosphere so that the pressure 
ratio across the transmitted pulse is about 2    When Ac/At = 1 the pressure in 
the chamber is about one atmosphere as the transmitted pressure pulse starts 
so that the pressure ratio is much higher     In either case the gases expanding 
into the combustion chamber as a result of the diaphragm burst cause a strong 
enough shock wave to initiate a detonation wave if the fresh propellant was in 
the proper condition,  I e. ,  sufficiently mixed but yet unburned     Variation of 
the mixture ratio over a wide range does not seem to affect the transmitted 
pulse noticeably     The Beckman and Whitley photographs (Figures 61 and 64 
indicate that the hot luminous gases are carried about 60° around the annulus 
due to the diaphragm burst 

From the data taken another phenomenon is noticed particularly in Figures 
GO and 62.    Namely, the pressure transducer locateu ut station 4 (220°) indi- 
cates a second pressure rise following the first passage of the detonation wave. 
This second pressure rise occurs too soon in time to be associated with the 
pressure pulse transmitted from the rupture of the diaphragm (clockwise) and 
also too soon to be caused by a counterclockwise reflection off the diaphragm 
before the diaphragm ruptures    Additional measurements shown in Figure 60 
help to clarify the situation    In these tests a 1/8 in.  steel plate was placed 
across the combustion chamber instead of the frangible diaphragm     These 
tests indicate that a second pressure wave is following the initial detonation 
wave by about 100 microseconds     This second following wave increases in 
amplitude and steepens in slope as it progresses around the annulus    In the 
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methane runs (Figure 62) the interpretation of pressure trace 4 is felt to De 
the same although the second following wave is 220 microseconds behind the 
initial wave. 
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From the available data a possible explanation of the second wave is of- 
fered.   As the initial, clockwise detonation wave moves around the annular 
chamber, it propagates into a zone that is bounded by the unburned mixing   . 
region between the H2 and O2 streams in the upstream (injector) side and by - 
the exit nozzle on the downstream side.   It is obvious that since mixing be- 
tween the H2 and O2 streams is not completed instantaneously, a mixing zone 
not capable of supporting a detonation wave must exist near the injector face. ■» 
Thus the detonation wave must degenerate into a shock wave in this region. 

I 
As this complex detonation wave moves around the annulus an instability ap- 
parently arises in the mixing region between the shocked but unburned mixture 
and the burned gases behind the detonating front.    It is evident that this instabil- 
ity grows and steepens as it moves about the annulus behind the initial wave 
reaching an amplitude in pressure ratio of two or more.   Whether this insta- 
bility is a characteristic of the conditions associated with only the first clock- 
wise detonation moving into a completely unburned mixture or would still be 
present on subsequent rotations of the wave cannot be established because 
apparently conditions in the unburned zone after rupture of the diaphragm do 
not allow subsequent rotations of the initial wave 

It appears that there are several reasons why maintained detonations are 
not achieved in the annular motor     It is believed that the frangible diaphragm 
is a convenient method to start a unidirectional wave in the annular motor but 
that sufficient unburned propellant is not available to maintain the second rota- 
tion of the  deto.-ation wave after the diaphragm bursts.   It is very possible 
that local deflagration is occur 1 ing after the passage of the detonation wave 
due to the large scale turbulence and recirculation in the combustion chamber. 
In this regard the choice of injector design may be a very critical factor in the 
successful operation of the annular motor     The limitation in propellant mass 
flow rates to about 1 pour.d per second was another factor which severely influ- 
enced the performance uf the annular chamber    Assuming no combustion be- 
hind the initial detonation wave and assuming that the combustion chamber "blows 
down" to ambient pressure at The time of diaphragm burst, ideally only approxi- 
mately 2/3 of the combustion chamber would be filled with fresh propellant at 
the beginning of the secuiid passage of the wave     Of course secondary combus- 
tion, mixing between the burned and unburned gas, and a chamber pressure 
at the time of diaphragm burst above atmospheric pressure tend to decrease 
the available volume of fresh propellant in the chamber to sustain multiple ro- 
tations of the detonation wave 

Several interesting features of detonation in initially turbulent mixtures I 
were brought out by the test data     First, by triggering the oscilloscope with 
the signal tu the spark plug   the irar.siuon time of the detonation wave from 
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spark to station 1 could be observed    It was found that foi hydrogen-oxygen 
mixtures of 46 to 70% hydrogen by volume and for spark energies of the order 
of < 30 millijoules, the transition time from spark to station 1 was 80-90 mic- 
roseconds.    This is over an order of magnitude faster than the transition times 
measured in premixed quiescent, stoichiometric hydrogen-oxygen mixtures^. 

An additional observation related to the performance of the annular motor 
was the velocity with which initial detonation waves moved around the annular 
channel.    Distance versus time plots of the visible light associated with the 
detonation front as it progresses around the annulus (measured along the cen- 
terline) are shown in Figures 66 and 67 as derived from the Beckman and 
Whitley photographs.    It should be remembered that during the first rotation 
of the detonation wave the unburned propellant gases extend through and out- 
side the nozzle.    The main effect therefore,  is the initial turbulence level rather 
than axial relief and an inert boundary gas as would be the case occurring for 
subsequent rotations of the wave.    The results of 21 runs indicate the detona- 
tion front is formed veiy rapidly and moves at a nearly constant (possibly 
slightly accelerating) velocity during the first rotation.    The average detona- 
tion velocity during the first rotation versus mixture ratio is summarized for 
21 test runs in Figure 68*.    It appears that the detonation velocity is about 7% 
higher (for a given mixture ratio) than the theoretical Chapman-Jouguet detona- 
tion velocities calculated foi H2-O2 mixtures by Moyle38 and Zeleznik and Gor- 
donlö.    Also   for the methane-oxygen runs in the annular motor, the measured 
velocities appear higher by about the same increment,  7%, than the detonation 
velocities determined experimentally by Morrison^7 and Bone^ö in straight 
completely confined tubes utilizing initially quiescent mixtures**.    Also, from 
the results of the 21 runs there appears to be no significant correlation between 
the measured detonation velocities and the chamber to nozzle area ratio employed. 

The reason for the high values for the measured detonation velocities in the 
annular motor as shown in Figure 68 has not been resolved.    Although the difference 
is not great it does represent a much greater difference than can be explained in 
the very slight scatter of the points on the displacement time plots obtained from 
the Beckman and Whitley photographs     In addition   the same time interval counter 
used to measure the framing rate of the Beckman and Whitley camera was used 
to measure H2-O2 detonation velocities in straight tubes     These measurements 
agreed very closely with the theoretically predicted values modified for the tube 

*The detonation velocities plotted for the H2-O2 runs were obtained from 
the mean slopes shown in Figure 66 utilizing all of the measured points     The 
detonation velocities for the CH4-O2 runs were obtained as shown in Figure 67 
utilizing the final points where the slope appears constant 

**The experimental results of Morrison and Bone were utilized for compari- 
son because of the lack of recent theoretical calculations utilizing the methane- 
oxygen system 
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velocity deficit which is significant for small tubes (see Section V of this report). 
Furthermore; average wave velocity measurements obtained from the pressure 
transducer records for these same 21 runs indicate the same general trend.   A 
more questionable experimentally determined quantity, the propellant mixture 
ratio, was mentioned earlier as a possible source of error due to the uncertainty 
in the actual overall orifice coefficient utilizing 72 injectors for both the fuel 
and the oxygen.    However, in the few calibrations of the individual injectors that 
were made, it was determined that a fuel injector (. 017 inch orifice diameter) 
had a 7 1/2% lower discharge coefficient than an oxygen injector (. 024 inch 
orifice diameter) based on nominal hole size.    Since this effect, if present in all 
72 injector pairs, would tend to make the corrected mixture ratios more fuel- 
lean, this would tend to make an even greater difference between the values of 
the initial detonation wave velocities measured in the annular motor and those 
predicted theoretically (or measured in confined tubes) as indicated in Figure 68. 

if the hypothesis that the actual detonation wave velocity is indeed actually 
higher than the predicted theoretical Chapman-Jouguet detonation velocities, 
two possibilities remain.    One, that these are not Chapman-Jouguet detona- 
tions,  i. e. , that a distance of only two feet from ignition is not long enough 
for the usually observed overdriven wave to decay to Chapman-Jouguet veloc- 
ities.    Due to the very short run-up distances of about two inches, and due to 
the evidence from the displacement-time plots, it is believed that this wave 
is not in the process of decaying and is a stable, fully developed detonation 
for the conditions involved.    The other possibility is the high turbulence level 
associated with the unburned mixture in the annular channel.    This is an effect 
that has not been systematically studied by other investigators to the knowledge 
of the authors.    It is possible that if the turbulence level of the impinging fuel 
and oxygen streams is sufficiently high, the overall energy level of the react- 
ants would be raised due to the contribution of the velocity fluctuation energy. 
In order to ascertain whether this effect could be responsible for the meas- 
ured increase in detonation velocity, an assessment of the order of magnitude 
of the scale and intensity of turbulence in these impinging streams would have 
to be made. 
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VIII.    COMPARISON OF ANNULAR MOTOR STUDIES 
WITH EXPERIMENTS OF VOITSEKHOVSKY 

In view of the similarity of the studies by Voitsekhovsky    '       and those 
reported in section VII of this report, it is in order to make comparison and 
draw conclusions where possible.    Toward this end> a full translation of 
Reference 11 (which contains all of the information of Reference 10) appears 
as Appendix A of this report. It is natural to speculate as to the motivation 
underlying the Russian work.    The motivation behind the subject of this present 
report is one of propulsion application although with full recognition of the im- 
portance to rocket motor combustion instability problems.    Presumably, then, 
the Russian motivation might be along similar lines with the additional possi- 
bility of a desire to attain a "maintained detonation" and study interaction 
processes. 

A tabulation of the experimental schemes and observations for the two 
independent studies is given in Table 16, 

We note from the table and from Appendix A that Voitsekhovsky was able 
to attain a single detonation as well as multiple detonation waves rotating 
steadily in one direction whereas in the work described herein only the first 
traverse of the annular chan; ol was possible.    It is believed that the major con- 
sideration accountable for this difference is a pre-mixed system versus a dis- 
crete injector system.    In section VII attention was called to the fact that 
detonation was developed extremely rapidly in the highly turbulent mixture from 
the discrete fuel-oxidizer injectors.    Unfortunately, this extreme turbulence 
occurring after the passage of the first wave probably causes residual, unde- 
sired deflagration and extensive mixing between burned and unburned propellants; 
all of which is detrimental to the passage of subsequent waves.    The difficulty 
with pre-mixed systems centers around the problem of preventing detonation 
back to the feed lines and mixing chamber.    After indicated difficulties, 
Voitsekhovsky seems to have overcome this problem. 

An interesting observation made by Voitsekhovsky is that multiple waves 
could be formed; the actual number being dependent on the propellant flow 
rate and the mixture ratio employed.    Evidently, for any given operating 
condition, the number of waves may fluctuate some but will tend to stabilize 
around a certain value     Probably the explanation of this seJJLstabilizing pro- 
perty involves the "side* relief" influence studied by Dabora    .    Briefly, this 
would apply as follows.    In the case of multiple waves the unburned propellant 
at the wave location will not fill the entire width of the annulus.    Thus, the 
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detonation will exte   J over only a portion of the annulus and the high pressure 
gases behind the detonation will expand transversely to the direction of pro- 
pagation of the wave.    This causes a reduction in the wave velocity and if the 
relief is pronounced enough the detonation will degenerate into a shock wave 
and a separate deflagration wave.   With this view, then, if there are too 
many waves an individual wave will have a relatively narrow width of unburned 
propellant which may lead to quenching and thus reduce the number of waves. 
Conversely, if there are too few waves, the relief on an individual wave is 
less so that the velocity is higher.    Fewer waves imply also that an element 
of unburned propellant will be in the annular chamber a longer period of time 
before being detonated.    Evidently this longer time allows other combustion 
fronts to develop which eventually lead to the correct number of detonating 
fronts. 

Another interesting phenomenon found by Voitsekhovsky is that the velo- 
city of wave propagation of a multiple wave system (five waves) is equal to the 
speed of sound of the burned gases immediately behind a detonation wave.    This 
velocity is close to one half the normal Chapman-Jouguet velocity.    His quoted 
value of 1. 4 km/sec for this velocity is in agreement with the speed of sound 
of the burned gases behind Chapman-Jouguet detonation waves in C„H   - O 
mixtures as calculated by Morrison and Weir   .    This abnormally low det- 
onation velocity defies the nurmal limits of velocity defect possible befoxe 
quenching occurs, but is strikingly similar to an observation of Dabora    . 
The latter noted this unusual behavior when the detonation was bounded by an 
inert gas of a very high sound speed.   In those cases the detonation generated 
a shock in the inert gas which was of the detached type and which moved a- 
head of the detonation.    This in turn caused a series of oblique shocks which 
extended into and thus,  "prepared" the unburned propellants for the unusual 
detonation.    Presumably, then, the explanation for these unusual waves lies 
in the strong two-dimensional effects. 
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DC. CONCLUSIONS AND RECOMMENDATIONS 

ANALYTICAL MODEL OF THE INTERNAL GAS DYNAMICS OF THE RDWE 

5. For the purposes of comparison with conventional rocket motors the 
effective chamber pressure of the RDWE is the time average value. 

6. A comparison of the theoretical specific impulse (frozen chemical 
equilibrium) of the RDWE and the conventional rocket motor are 
essentially identical for the case of an ideal expansion into a vacuum. 
For the case of an ideal expansion at sea level the specific impulse 
of the two devices is essentially the same as long as the average 
chamber pressure of the RDWE is greater than about 500 p.sia (com- 
pared to a conventional rocket motor operating at the same chamber 
pressure) 
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The physical model treated consisted of a gaseous detonation wave propagat- -l 

ing at steady velocity in the circumferential direction of an annular combustion 
chamber.    Fresh propellants were continuously introduced and the combustion 
products exhausted through an annular nozzle.    The detonation was assumed to 
completely fill the cross section of the annulus.    The limiting cases of complete 
versus no mixing between the burned and fresh propellants were considered.    The 
resultant system of quasi-linear, first order, ordinary differential equations 
were solved on a digital computer.    The following major conclusions were drawn. 

1. The values of the flow properties (Mach number, pressures, etc.) 
are approximately parabolic functions of the circumferential coor- 
dinate of the chamber. 

2. The detonation wave(s) moving steadily around the chamber must be 
Chapman-Jouguet detonations. 

3. The solution to the complete mixing case reveals a fundamental de- 
gradation to the performance of an RDWE.    This is due primarily 
to the complete mixing assumption which allows unburned propellant 
to pass out the chamber through the exit nozzle between successive 
waves.   It is concluded that this case should be avoided if possible 
in a real application, 

4. The numerical values obtained from the solution to the no mixing 
case equations for the absolute detonation wave velocity of stoichio- 
metric H2-O2 mixtures (9520 ft/sec) and the absolute velocity of 
the unburned gas immediately ahead of each wave (197 ft/sec directed 
into the wave) appear reasonable from practical considerations and 
tend to justify the assumptions made in the analysis. 

'" 



I 

I 

I 

7. Although comparison with the results of the annular motor studies 
presented in Section VII are limited, good qualitative agreement is 
obtained between the theoretical pressure-time dependence obtained 
from solutions to the no-mixing case equations and the experimental 
pressure-time dependence measured from the passage of the first 
detonation wave in the annular motor. 

8. The analysis assumed that the nozzle flow was isentropic and per- 
fectly expanded.    It is recognized that this is highly idealized but 
the magnitude of the error incurred is not known 

B. ANALYTICAL PREDICTIONS OF HEAT TRANSFER RATES IN THE RDWE 

This study treated the case of a number of detonation waves traversing a 
plane wall wherein the distance and time spacing between any two waves was a 
constant     Limiting cases of zero versus complete recombination at the wall were 
considered, the latter leading to approximately 30% higher rates in the case of 
H2-O2.    The predicted rates appear to be of the same order as current high per- 
formance propellants (approximately 11 BTU/in^-sec)     Consequently there 
appears to be no fundamental limitation to the RDWE principle on the basis of 
heat transfer. 

C. IMPLICATIONS OF HETEROGENEOUS DETONATION 

While the studies actually conducted under this program assumed a gas-gas 
system,  many possible propellant combinations would include the liquid-gas case. 
The question arises as to whether detonations are possible in a gaseous-liquid 
drop environment    An extensive literature search and some calculations indicates 
that detonation waves in a heterogeneous media can only be expected if either the 
drops are very small (less than about 10/J.) or if convective velocities behind the 
shock can shatter the larger drops into very small drops in a very short period 
of time (of the order of 10 /isec)     The results of some drop shattering experi- 
ments conducted as part of this program as well as work done at NASA on the 
breakup of liquid jets would indicate the shattering is about of this order of time 
but nothing is known about the size of drops produced from this shattering.    It 
must be concluded that the possibility or impossibility of steady detonations in 
a heterogeneous system is not established at this time and further research is 
required. 

D. GEOMETRICAL EFFECTS ON DETONATION PROPAGATION 

A few experiments were conducted in a segment of annular detonation tube 
designed to simulate the annular motor     This was a one-shot detonation utilizing 
pre-mixed hydrogen and oxygen and with provision for relief of the burned gases 
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through a continuous annular nozzle.    Experiments with H2-O2 and with the nozzle 
blocked indicated that the detonation velocity on the centerline of the annulus was 
very close tc the usual Chapman-Jouguet velocity and hence the velocity at the 
outer radius was greater and at the inner radius it was smaller.   There was some 
curvature to the wave but the pressure gradient behind the wave seemed to give 
no important differences.   In the cases of heterogeneous detonation the pressure H 
gradient in the radial direction may be important in centrifuging the liquid drops. 
Experiments with the nozzle open yielded somewhat lower detonation velocities 
(approximately 7% for stoichiometric H2-O2 mixtures) due to the relief effect. " 

.. 
E. DETONATION VELOCITIES OF Hg-O- MIXTURES AT ELEVATED PRES- 

SURES AND REDUCED TEMPERATURES 

The detonation velocities of a range of H0-O2 mixture at pressures up to 
15 atmospheres and temperatures down to 112°K were determined experimentally. 
This extended the range of existing experimental information.    The experiments 
showed some meaningful disagreement with theoretical results obtained at these 
conditions.    These effects are important in that they have strong influence on the 
maximum pressures realizable in the engine. 

F. RESULTS OF TESTS IN THE LINEAR AND ANNULAR MOTOR 

Considerable effort was spent in attempting to achieve a detonation wave 
(or waves) rotating continuously in one direction in an annular motor.    Great 
difficulty was experienced in getting the wave to move in only one direction and 
it was only by employing the extreme measures of a diaphragm across the annular- 
chamber and a large baffle plate extending outside the chamber that the problem 
was solved.    The linear motor was used to help solve this problem.   However, 
having solved the problem of producing a detonation wave traversing the annulus 
in one direction fur the first cycle,  success was never achieved in obtaining 
sustained rotation after the first cycle.    The wave was attenuated breaking the 
diaphragm and passing into the "fresh" charge.    The reasons for this are believed 
to be among the following, (a) severe attenuation due to the discrete injector 
pattern, (b) insufficient mass flow rate into the motor, and (c) continuous burn- 
ing after the passage of the first detonation wave. 

As mentioned earlier,  measurements of the pressure history behind the 
first detonation agreed well with theoretical predictions. 

An interesting and surprising observation was that of a second accelerating 
pressure wave overtaking the detonation.    Such phenomena could lead to the 
complicated interactions observed by Voitsekhovsky. 
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A very pertinent observation made was the rapidity with which a detonation 

I could be developed from a spark in the highly turbulent flow field from the injectors. 
The time required (induction time) was an order of magnitude less than that re- 
quired for the same gases pre-mixed and in a quiescent state    This may be sig- 
nificant to combustion instability in conventional motors, 

G.       GENERAL CONCLUSIONS 

The major aim of this program was to operate a RDWE, measure appropriate 
»performance parameters, compare the results to theoretical predictions where 

possibles and on the basis of this determine feasibility of the concept.   This turned 
out to be a much mere complicated and difficult task than that envisioned at the 

1 initiation of the study and as a result successful operation was never achieved. 
Accordingly, the question of feasibility cannot be definitely answered at this time. 
Nothing has been found that makes the concept not feasible but important ques- 
tions (such as nozzle performance   actual overall performance, and detonation 
in heterogeneous mixtures) remain unanswered. 

As mentioned in the introduction of this report,  some work on the RDWE 
had been done at the University of Michigan prior to the initiation of this contract. 
The conclusion reached from those studies was that motor operation was success- 
fully realized with multiple rotations of the detonation wave.    This conclusion was 
based on Fastax camera records and Photocon pressure transducer measurements. 
When we consider the following facts, (1) the early tests utilized no channel block- 
age to prevent bi-directional initiation  (2) lower mass flows and 36 as compared 
to 72 injector pairs were utilized, and (3) every effort was made to duplicate the 
earlier runs with the same motor and same operating conditions but with better 
instrumentation (higher framing rate camera and higher frequency response, 
pressure transducers)   it is difficult to believe that the motor could ever have 
been operated successfully.    On the other hand no definite explanation exists for 
the seemingly consistent data first obtained 

Finally it is well to point out that mar.y of the facets studied and experienced 
in this investigation are undoubtedly closely related to conventional rocket motor 
combustion instability problems 

H  RECOMMENDATIONS FOR FURTHER STUDY 

It is believed that much is to be gained from further studies of rotating 
detonation waves in an annuLtr chamber     While successful operation has not 
been achieved herein   nothing fundamental stands in the way of this accomplish- 
ment,   Voitsekhovsky has achieved successful maintained detonations in the case 
of pre-mixed reactanti?     Further studies in the separate injection case could be 
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iluate the RDWE concept.   Also, the results would be of direct 
applicability to rocket motor combustion instability problems.   It is recom- 
mended that initially the studies be confined to a gas-gas injection system 
and finally extended to the case where the fuel and/or oxidizer is in the form 
of liquid drops.   Attention should be given to the initiation and propagation 
characteristics of detonation in a highly turbulent mixture.    Fundamental 
studies of heterogeneous detonation should also be made. 
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Appendix A 

SPINNING MAINTAINED DETONATION* 

B. V. Voitsekhovsky 
(Novosibirsk) 

*A translation of Reference 11 by William Whitney, Univ.  of Mich. 
Office of Research Administration 
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Because of the high velocity of the propagation of detonation waves, 
usually reaching a few kilometers per second, the phenomenon of deton- 
ation is usually examined as a millimicrosecond process. 

Over a prolonged period of time experiments have been undertaken 
to bring about a stationary detonation, that is—such a process in which 
the duration of the propagation of the detonation wave is in seconds or 
minutes depending on the amount of the burning mixture. 

Efforts were directed for the most part, to the creation of a stream 
moving in a tube at the velocity of the detonation wave.    The front of the 
detonation wave may be stopped relative to the observer when the oppos- 
ing velocities of the stream and detonation are equal. 

Among the various types of gaseous mixtures, greatest interest was 
placed on mixtures with a high heating value capability, possessing deton- 
ation velocities of about 3 km/sec.   With such mixtures it is practically 
impossible to obtain a one-dimensional, maintained detonation because 
at velocities of 3 km/sec the gas would ignite on the walls of the nozzle 
ahead of the front of the detonation wave.   In the work of Reference Al, 
the author states that he was able to stop the front of a detonation wave 
using a slightly lean hydrogen-air mixture having a velocity of detona- 
tion of 700 m/sec.   At higher velocities the mixture ignited ahead of the 
front.   If conditions in a given channel are such that the initial gaseous 
mixture enters at a velocity sufficiently high to continuously fill in the 
space ahead of the front of the detonation wave, then this phenomenon 
can be converted into a maintained state for any mixture having a high 
heating value 

In the work under consideration using an automatic shutter spanning the 
transverse section of the annular channel, the detonating process rotates in a 
clockwise direction at the moment of initiation. 

In this way it was possible to bring about a maintained detoration in the 
annular channel with a duration of 1 - 1  5 sec. 
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The arrangement of the apparatus in which the maintained detonation was 
obtained is shown in FigureAl. The front of the detonation wave is steadily prop- 
agated in one direction along the circumference of the annular channel.    The 
transverse section of the channel is shown separately in FigureA2   The channel 
takes the form of an annular space between two walls, one of which is a steel 
plate,    The outer rim of the annular channel has an inclined profile in order to 
diminish transverse oscillations    A straight profile would tend to reinforce 
transverse oscillations and cause the penetration of the detonation wave into the 
center of the plate and then to the gas reservoir containing the initial mixture. 
The other plate is made of transparent plastic.    The supply and discharge of 
the gaseous mixture is accomplished through two apertures parallel to the chan- 
nel and situated on opposite sides of its transverse section.    The width of the 
apertures is somewhat smaller than the width of the channel.    The initial gas 
mixture enters through one aperture while the products of the detonation 
escape out the other aperture,    The gaseous mixture is introduced in a direc- 
tion perpendicular to the direction of the propagation of the detonation front. 
To set up a maintained detonation it is necessary that the inlet gas be conducted 
in a radial direction from the center to the periphery because due to the rotary 
movement of the detonation front a flash-back of the flame upon meeting the 
inlet stream is less likely near the center than near the periphery,    In the 
reverse direction of the flow of the gas  from the periphery to the center) a 
flash-back of the flame might occur in the initial reservoir even under lower 
pressures.    The experiments were conducted using oxyacetylene mixtures. 
With less sensitive gas mixtures such as, for example, 2H„ + O , the prob- 
ability of a flash-back of the detonation wave in the initial reservoir is lessened. 

Ignition of the mixture at one of the points on the circumference in the 
annular channel is accomplished by a spark discharge between the electrode 
fastened to the transparent wall and the steel plate itself which is connected to 
the body of the apparatus.    The shutter which is located near the point of igni- 
tion completely spans the transverse section of the channel.    The shutter begins 
to open at the instant of ignition.    Before the detonation wave is able to complete 
a single revolution, the shutter is fully open and allows the free flow necessary 
for the circulation of the detonating wave     In this way the rotary motion is 
established 

The rapid movement of the shutter is accomplished by means of a special 
explosive device     Before conducting the experiment the cylinder of this explo- 
sive device was filled with an explosive gaseous mixture.    The body of the 
cylinder was made as light as possible and fastened to the shutter spanning 
the channel, the heavy portion of which is fastened securely    At the same time 
that the gaseous mixture is introduced into the channel a mixture is introduced 
into the cylinder     The shutter and the cylinder achieve an acceleration of 
4 x 106 m/sec2.    Special arrangements have to be made to prevent the detonation 

151 



wave from propagating in more than one direction from the point of ignition. 
The detonation waves impinge on the inner side of the annular channel at 
which point it is possible that the detonation waves could penetrate through the -* 
supplying nozzle to the reservoir containing the initial mixture.    The problem 
of eliminating such flash-backs presents significant technical difficulties.    It 
was solved by selecting a specially shaped supply nozzle and establishing the 
correct pressure regime. 

*Translator suspects author intended "annular" instead of "linear. 
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1 In a short interval of time the collision of two opposing waves will gener- 
ate a multiplication of the number of fronts creating a stable process of 
frequently colliding detonating waves.    Under these conditions all the gas 
is burned in the detonating waves    This process in distinction to the main- * 
tained cyclic detonation is designated a maintained pulsating detonation inas- 
much as the detonation waves effect frequent reciprocal motions in the 
channel.    In order to study the pulsating maintained detonation a series of . 
experiments were conducted in a section of the annular channel.    To this end T 

the annular channel was spanned in two places by radially arranged baffles. 
As might be expected the phenomenon in this configuration differed in no way 
from the pulsating maintained detonation in the closed annular channel.   Exactly 
the same picture of a pulsating maintained detonation must be observed if a 
section of the circumference is st -aightened into a linear channel.   In this case 
also a few detonation fronts will effect a reciprocal motion along the linear 
channel   A network formed by two groups of characteristics will be observed 
on a photorecord of such a process 

Up to this time we have observed maintained detonations in a linear channel 
either closed or unclosed.    A maintained cyclic detonation may be observed 
only in a closed linear* channel. 

A plusating maintained detonation may be observed in both types of a linear 
channel, and also in between two plane surfaces if the inlet gaseous mixture is 
conducted through a large number of orifices perpendicular to one of the sur- 
faces while the products of detonation are removed through corresponding 
orifices in the second surface. 

In this case the only stable regime will be the following: the entire plane 
region will be divided into triangles and polygons by the detonating fronts con- 
tinuously changing form as a result of the interaction of the fronts. The cells 
formed by the intersecting fronts do not differ in principle from those formed 
by transverse detonation waves In a normal detonation wave. The unreacted 
layer of gas compressed by the forward shock wave of a normal detonation 
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wave is equivalent to the layer of the unburned gaseous mixture in the space 
between the two surfaces, 

i 
It is essential to note the possibility of one other case of a plane pulsating 

maintained detonation    Imagine a solid cylinder with an end wall providing a 
large number of small apertures through which two components of the detonat- 
ing mixtures pass separately    In this case a layer of gas capable of detonation 
may form along the supplying surface     If the depth of the layer thus formed 
exceeds a certain limit then detonation waves will begin to propagate along it 
in different directions forming a cellular pattern. 

Any other type of pulsating maintained detonations will be unstable     For 
example, during a single ignition of the gas mixture at the center of the solid 
plate and the flow of the mixture through the surfaces it is impossible to create 
a stable detonation wave which periodically moves away from the center and is 
triggered anew by the converging shock wave reflected from the circumference. 
After a few pulsations a multiplication of the number of fronts occurs dividing 
the surface into a number of separate triangles and polygons 

The size of the cell must depend on the type of mixture and pressure accord- 
ing to the law applicable in the case of a defined size of the cells of a normal 
detonation wave 

A pulsating maintained detonation is accompanied by a collision of detonat- 
ing waves resulting in the formation of local pressure peaks which might des- 
troy the detonation chamber unless it has a sufficient margin of strength.    A 
maintained cyclic detonation is characterized by the rotation of a few detona- 
tion fronts in one direction along a closed channel; thus the collision of 
detonating fronts is absent accounting fcr the rise in the initial pressure of 
the mixture. 

Below we will examine exclusively the maintained cyclic detonation.    In 
this connection the term maintained detonation should be considered to be 
maintained cyclic detonation 

In order to obtain a maintained detonation it is necessary to eliminate one 
of two fronts at the instant of ignition of the explosive mixture into the annular 
channel     This is comparatively easily achieved by the installation of a partial, 
fixed baffle in the channel near the point of ignition.    A fixed baffle however 
does not always direct the detonation process in one direction     Occasionally 
there is a region where the detonation breaks through to the other side of the 
baffle creating several colliding fronts.    A completely stable propagation of 
fronts in one direction is achieved by means of the above mentioned mechan- 
ical shutter which completely spans the transverse section of the channel. 
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The maintained detonation is photographed in the annular channel on a 
moving film through the upper transparent plate using a photorecorder situated 
above the plate.   The photorecorder is arranged such that the optical axis of 
the objective coincides with the axis of the annular channel.    The image of the 
annular channel falls within the limit of the film    As the front of the detonation 
wave is propagated along the circumference of the channel its image describes 
a cycloid on the moving film.   A photorecord obtained in this way is shown in 
Figure A3. On this photorecord it is possible to see five separate filaments of 
a hypocycloid.    The picture shows a five-headed, maintained detonation.    Due 
to the fact that a maintained detonation is a prolonged process one revolution 
of the film drum is insufficient to capture the entire process.    To increase the 
duration of recording we used a rotating photorecorder, the body of which ro- 
tates around the axis perpendicular to the axis of rotation of the film drum. 
The exposure is made from a distance great enough to record the phenomenon 
on a narrow path, the width of which is several times smaller than the width 
of the film.   As a result of putting together two mutually perpendicular motions, 
the cycloid is recorded along a spiral on the cylindrical surface of the film drum. 
The beginning of the second motion occurs by means of an auxiliary explosion 
occurring at the instant of the ignition of the mixture.    As a result of the explo- 
sion the body of the photorecorder receives a moment of momentum and starts 
turning at virtually constant velocity (,to the extent of a small angle a) defined 
by the following expression 

tg a/ 2 = b/2f 

where b = width of the film, f = the focal length of the objective. 

In Figure A4 a photorecord shows a few detonation fronts propagating in 
different directions and colliding with one another.    It is possible to examine 
the correct periodicity of the colliding detonating waves. 

To analyze the physical process accompanying the maintained detonation, 
we fix attention or. some point in the annular channel.    After a front of a deton- 
ation wave passes by this point a jump in pressure causes the burned mixture 
to be quickly forced out by the entering original mixture which occupies a 
wedge-shaped region curved along the annular channel with the vertex behind 
the front of a detonation wave and the base coinciding with the next detonation 
front.    The arrangement of the fronts of a multiple-headed maintained detona- 
tion is shown in Figure Ab   The projection A£ of every front of the maintained 
detonation in the direction of the radius is equal to 

M,Lg (!) 

Here d - diameter of the annular channel, u = velocity of the inlet mixture> 
D = velocity of the maintained detonation, n = the number of fronts rotating 
around the circumference at any given time. 
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The value of AJC does not depend on the velocity u of the inlet mixture.   An 
increase in u leads to a proportional increase in the number of fronts.    The 
value of Af and D entering in expression (1)    remains constant. 

It is essential to bear in mind that maintained detonations are as a rule 
multiple-headed and only at the very limit of the detonation process may a 
single detonation front be established.    The photorecord in Figure A3 shows 
five fronts rotating in the same direction. 

Other stable numbers of fronts may also be observed,    In a multiple- 
headed maintained detonation the number of fronts establishes a limited maxi- 
mum value and converges to a stable oscillation about a constant value.    This 
characteristic of a maintained detonation is easily understood when it is re- 
membered that the random damping of one front increases the width and thus the 
very stability of the remaining fronts.   It is essential to recall that every front 
is the base of a wedge formed by the initial mixture.    If the width of a front 
exceeds its limit then after a random reduction in the number of fronts, at 
least one front will reach the limiting width before the others thus leading to 
an increase in the number of fronts.    In the opposite case when the number 
of fronts are generated with a width below the limiting value leading to a re- 
duction of the number of fronts to the stable number. 

Thus, a muhple-headed maintained detonation is a completely stable 
process. 

The velocity of the propagation of the multi-headed maintained detonation 
is equal to the velocity of sound in the burned products.    This lemarkable 
characteristic of a maintained detonation enables us to decipher the structure 
of the detonation fronts. 

The study of this characteristic leads naturally to the hypothesis that the 
energy used to introduce the gas mixture is transmitted to the head of the 
front along the edge of the burned gases.    These sound waves are propagated 
along the edge adjacent to the cold gas.    A refraction of the sound waves oc- 
curs at the contact surface with the formation of oblique shock waves in the 
cold gas.    We will establish the system of coordinates at point K at which 
point the shock wave intersects (Figure A5) with the line of the contact discon- 
tinuity KM between the cold and the burned gases.    Line KM represents the 
burning front which is moving at a low velocity relative to the gas.    The 
meaning of the areas indicated by numerals is as follows    I.  - Region in 
which the cold, undisturbed gas flows, II.   - Region occupied by the burned) 
undisturbed gas, III   - Zone of rarefaction into the burned gas,  IV.  - Region 
behind the front of the oblique shock wave, V.   - Region behind the front of 
the shock wave reflected from the inner wall of the annular channel. 
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The values relating to Zones I-V we will denote by the corresponding 
arabic numerals 1-5.   In the system of coordinates under examination both 
in Zone I and in Zone II the gas flows at the speed of sound c_. 

A wave of rarefaction is created in Zone III.   The flow in this zone is 
defined by the Prandtl-Meyer hypothesis.   Zone IV is the region of uniform- 
ity where the pressure and velocity are constant everywhere and equal to the 
corresponding values behind the front of the oblique shock wave KB.   Front 
KD is assumed to be perpendicular to the streamlines.    If the pressure P3 
behind the front KD is known then the angles between the fronts in the neigh- 
borhood of point K may be defined by solving the following equations: 

x = 0 + arctg^,y__ctg^/__0| 
/ r2Y1- l tg(0j - e)\ 

y 

1-—— 7—rr-, 1     _2 

sin" <t> 
yl - M      rl Y2 ' X      tg *1 C2      .2 

.♦ltgfo.-fl) = 72bin   "1 
- 1 Cl 

/      tg(0   - 0)\ 

Y2 - 1        tg 0j 

156 

I 

2pl       2       2 I 
X=<AKD,      v2 = V      p4=-_.c2   Sin   0j I 

z 

Here p. = pressure along the lines of the contact discontinuity AK and in 
area IV, 0 = angle between the direction KD and the corresponding character- 
istic (0 is excluded from the first two equations); 0j = angle between direction 
of flow in Region I and the front of the oblique shock wave KB,  6 = angle of 
deflection of the flow to shock wave KB; values p, x > 0i  # > maY De calculated 
expressing them through p3> c., c^ y     y     y 

Taking into consideration that the velocity of sound c2 is equal to 1. 4 km/sec 
one may suppose that ignition will not be obtained on front KB.    The transverse 
detonation waves, randomly arising along the front KB must immediately escape 
into the open area behind point K where they are dissipated.    The reaction of the 
gas can take place at point B after the oblique shock wave KB is reflected from 
the solid wall 

I 
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The inner and outer walls of the annular channel were subjected to more 

severe action by the moving waves than the middle part    After every 5 or 6 
experiments the upper transparent wall made of plastic acquired an erosion 

_ in the area indicated in Figure A2 It is characteristic that as a result of the 
action of the reflecting waves the inner and outer edges of the channel were 
eroded to a greater extent than the middle area 

We will construct two radial control surfaces normal to the annular chan- 
nel,  one ahead of the front of the detonation wave and the other behind at a dis- 
tance equal to a few widths of the channel.    Regarding these two control surfaces 
it is possible to write the equations of conservation    mass,  momentum, and 
energy     In composing the relations in distinction to the usual method,  it is 
necessary to take into consideration the fact that mass and energy are distributed 
along the transverse section unequally and therefore the values in the equations 
pertain to the entire transverse section rather than a single section of the stream, 

(h - M) p2c2 + AfOjCg = p„vvh - jk 

2       2 2 hpx + (h - M) p2c2
u + Afpxc2 = p„h + hp+v„ 

Plhc2 + e2p2 (h - A«) c2 + elPlAf c2 + ^p^
3 (h - A«) + ip^3 M = 

i    1  ,  3 

P*lw* + e*P*hv* + 2^*hv* 

The left side of the equation relates to the control surface ahead of the detona- 
tion front while the right side relates to the surface behind the front     The flow 
becomes homogeneous at the second control surface     In the last equation 
e = internal energy of a unit of mass     The difference e* - ej = q is equal to 
the heat generated by the burning of a unit of mass of the original mixture. 

In connection with the fact that the known velocity C2 of the moving stream 
enters into the solution of the equations   it follows that it is possible to calcu 
late the pressure at the second control surface     The detonation in the an. >ilar 
channel moves in such a way that if a quantity of heat is generated along front 
AB it will be distributed evenly along the entire section of the channel     In the 
given case the gas is converted from its original state to products of combus- 
tion not along the Hugoniot curve but along an adiabatic     The adiabatic corres- 
ponding to the products of detonation is situated parallel to and a small distance 
from the adiabatic for the initial mixture 
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It is particularly essential to observ i the process of eflux of the burned 
mixture in the annular channel.    The burned mixture is conducted through a 
convergent aperture leading to the gas receiving tank where a pressure of 
500-600 mm Hg-static is maintained    Firing of the apparatus establishes a *g 
shock impulse on the valve. 
parallel to one another in the ignitor. 
duration of 10     sec. 

All of the ignition spark discharges are united 
The period of each discharge has a 

.1 

Under conditions where Cj >> C2 + C3 + C4 + . . . the charge on the 
capacitors C2, C3, .  , .  will increase to twice the original charge if it is not 
interrupted by a corresponding gap in the spark interval.   After the opening 
of the valve, the flow of the inlet gaseous mixture proceeds under conditions 
of critical flow for which the expressions of velocity, density, and mass flow 
of the gaseous mixture have the following forms: 

\ = C0 y + 1 ' pk   p0 \y+ lj 

• 

Q = vkpRSl si Vo 

y+l 
>2 (y - l) 

y+l 

Here s\ is the minimum area of the inlet aperture. 

The area of the exhaust aperture we will call S2.    Then taking into consid- 
eration that the velocity of sound in the detonation channel is equal to D we 
have: 

Q 
'2k S2V2k 

2k °y=?r 

'2k 

S1C0P0 
S2D y + 1 = P. 2k y+l 

s_c 1V0 
S2D 
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For the pressure in the annular channel we have, 

p20 n2     SlC0Dp0 S1D 

p2   =~D   =—s~T > P2   _T~c~P0 2 Z0      y V lQ    S2 0   U 

The conditions of the critical flow at the minimum area of the supply aper- 
ture may be calculated in such a case if. 

/    2   ,y" 
| p20 

< p*  po (—; (3) 

1 where p+ = the critical pressure.    From here substituting the value of p~ from 
expression (£)we will have 

„ S2C0 
P2   <P2   7Ö l0       Z0   S1U y+ 1 

During the experiment on the maintained detonation significant difficulty 
arose in connection with a flash-back of the flame into the supply reservoir. 
The flash-backs occurred when the initial pressure in the receiving tank ex- 
ceeded 570 mm H -static     A decrease in the width of the aperture through 
which the unburnerl gas enters increases the upper limit of pressure under 
which a maintained detonation may be obtained,    The shape of the transverse 
section of the annular channel is extremely important.    The passage connect- 
ing the channel and the supply aperture must have a steep profile as shown in 
FigureA2. A maintained detonation is not obtainable in a channel having a 
smooth transition to the supply aperture inasmuch as any disturbance arising 
in the detonation channel is continually reinforced when it enters a smoothly 
tapering aperture the width of which is less than the width of the channel.    A 
smooth passage from the inlet aperture to the channel would allow a super- 
sonic flow to develop in the original mixture entering the channel.    A great 
number of experiments using such smooth passages was conducted yet under 
all pressures a flash-back occurred while below a certain limit of pressure 
the detonation was extinguished. 

The velocity of the propagation of a multi-headed maintained detonation 
as measured on the photorecorder (for example   FigureA3) reached 1, 4 km/sec, 
a value equal to the velocity of sound in the products of combustion     If the 
course of the detonation is impaired in any way, for example by using an orig- 
inal mixture that approaches the limit of detonation or by varying the width of 
the channel, then the number of fronts will begin to decrease with the result 
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A maintained detonation is accompanied by the production of monochromatic 
sound with a frequency nf, where n is the number of fronts, and f is the frequency 
of rotation of each front. 

Reference Al.    Nicholls, Dabora and dealer, "Studies in Connection with 
Stabilized Detonation Waves," Vopr Reactivn Tech.  1959, No.   11. 

I 

I 

that the velocity of the front will approach the normal velocity as calculated 
according to the Chapman-Jouguet hypotheses. 

Thus the velocity of the maintained detonation increases with a deteriora- 
tion of the conditions of the flow.    The velocity will vary within the limits of 
the velocity of sound in the burned products and the normal velocity of a deton- 
ation in the limiting mixture. 

In every experiment the pressure in the supply reservoir decreased with 
the outflow of the mixture.    Corresponding to this a decrease in the number of 
heads toward the end of the process was noticed on the photorecord along with 
a simultaneous increase in the velocity of detonation. 

Concerning the external characteristics of the flame of a maintained detona- - 
tion, it should be mentioned that this flame was of a blue-green color, and not 
yellow as in ordinary combustion. 

Because of the instantaneous burning of the carbon atoms, no recombina- 
tion into large groups is possible, and this evidently leads to a more complete 
burning of the explosive mixture. 

i 
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Annular Channel 
Upper Transparent Wall 
of the Annular Channel 
Made of Plastic Glass 
Photorecorder 
Valve 
Gas Supply Reservoir with 
Initial Mixture 
Tank Which Receives the 
Burned Gas After Being 
Initially Pumped Down to 
the Correct Pressure 
Direction of the Starting 
Impulse 
Central Channel Which Con 
ducts the Initial Mixture to 
the Detonation Annulus 
Exhaust Manifold 

\\w\wv\ 

K\\\\\\\\\\\\\\\\xv\\\\vv\\\\\\\\\^ 

Figure Al.    General Arrangement of the Apparatus in which a Maintained 
Cyclic Detonation Takes Place . 
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1 Annular Ciannel 
2 Disk Made of Plastic Glass 
3 Erosion Made in 3-4 Seconds by a 

Maintained Detonation 
4 Steel Plate 

Figure A2.    The Transverse Section of the 
Annular Detonation Channel. 
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Figure A3.    A Typical Photorecord of a Maintained Detonation 

!■>   t    j. iilllt lHi 

Figure A4.     Photorecord of a Pulsating Maintained Detonation 
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Figure A5.    General Arrangement of the Distribution of Fronts 
in the Neighborhood of one of the Maintained Detonation Waves. 
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APPENDIX B. 1.    COMPUTER PROGRAM FOR THE BLOCKED INJECTOR 

(dm   ■ 0) EQUATIONS 

To facilitate the computation of M, v, and P as functions of BJJ and y the 
following was programmed. 

»COMPILE WAD.■'EXECUTE. DUMP. PRINT OBJECT 
RSÜLUTION OF THE BLOCKED INJECTOR CASE 
DIMENSION YI90ÜU.DI 1 ) ) .0(3) 
VECTOR VALUES D(l)=2.7,5 

READ       READ FORMAT INPUT.K.DM,N 
WHENEVER K.LE.l.. TRANSFER TO READ 
KK=(K+1.)/(K-1.) *SURT. (2./ (K-l. ) ) 
KKK=k/(K-l.! 
THROUGH PETEt FOR J=0.1.J.G.N 
WnFNFVER J.L.I 
Y(J.C)=C. 
Y ( J,1 ) = 1 . 
OTHER WISE 
YiJ,i:=Y(j-i,1;>DM 
Y( J»Q)=2./( K-l.)#(Y(J.l)-l.)-KK*ATAN.(SURT.((K-l.)/2. )« 

1 (Y(J.l)-l.)/(l.+(K-l.)/2.*Y(J.l))) 
END OF CONDITIONAL 
Y(J,2)=Y(J.1)*SQRT.((K+1.)«.5/(1.+(K-1.)/2.*Y(J»1).P.2)I 
Y(J»? ) = ( (K + l.)/2./(l«+(K-l.)/2.*Y(J.l).P.2) I.P.KKK 

PETE       Y(J»4)=?3RT.((K+1.)/2.*Y(J«0)) 
PRIM FORMAT OUT PU T . K . Y ( 0 . 0 ) . . . Y ( N .4 ) 
TRANSFER TO READ 
INTEGER J.N 
VECTOR VALUES INPUT =$F7 . 3 , F12.3 .51.I3*i 
VICTOR VALUE:- OUTPUT =$S10»*t7HSOLUTION FOR THE BLOCKED INUECT 

1CR GATE WITH K = ,E7.3//S13»5HB*ETA,S9.1HM.S11»1HV.S11.1HP.S11 
2 ,5HM - l/(S1C.5F12.8 )»$ 

JDATA 
END OF PROGRAM 

Program Symbol Equivalent Engineering Symbol 

DM AM (program input indicating the desired 
step size in M from one computation to 
the next) 

(program input, total number of compu- 
tational steps) 

BTJ 

M 

v 

P 

M-l (approximate value) 

Some computational results for y = 1. 2 are given in Table 2 and are plotted 
in Figure. 1 . 
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Y(J, 1), M 

Y(J, 2), V 

Y(J, 3), P 
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APPENDIX B. 2.    COMPUTER PROGRAM FOR THE COMPLETE MIXING 
CASE PROBLEM 

The following computer program was developed to solve numerically the 
problem of the complete mixing case equations. 

SCOMPILE MAD» EXECUTE. DUMP. PRINT OBJECT 
RRUNGE-KUTTA SOLUTION OF THE COMPLETE MIXING CASE 
DIMENSION Q(10>.JC(5).Y<3).F(3),A(90C0.D(1)).D(3) 
VECTOR VALUES D(l) = 2.1C.8 
EXECUTE SETRKD.(N.Y(1).F(1),Q,X.H) 
N=3 

READ       READ FORMAT INPUT .ETAGO.DETA,C.L.K.KA.KB.G.TP.B.VW 
K2=TP+(K-1.)/2.*VW.P.2 
K1=B+G*(K*VW-(K+1. 1/2.-K2) 
WHENEVER K1.LE.0. 
PRINT FORMAT NOGO. Kl 
VECTOR VALUES NOGO =i20HDATA INCORRECT. Kl =.E15.8*S 
TRANSFER TO READ 
END OF CONDITIONAL 
THROUGH SAM, FOR 1=0.1.I.G.7 

SAM        A(0»I)=0. 
A( 1 »0)=ETAGO 
A(1.1)=SQRT.((K+1.)/2.*K1*ETAG0) 
A(1.2)=SQRT.(2./(K+l.)*K1*ETAGO) 
A(1.3)= K*A(1 .21 
X = A<1.0! 
THROUGH PETE, FOR I=1.1.I.G.3 

PETE       Y(I )=A(1 ,1 ) 
THROUGH KAT^, FOR [=1.1.I.G.5 

KATE       JC(I!=0. 
LL=1 
M = l 

CRAWL       WHENEVER X+C*X.LF.DETA 
H = C*X 
OR WHENEVER L.G.O 
H=C*DETA 
OR WHENEVER X+C*DCTA.GE.1. 
H=l.-X 
L = M 
LL = 0 
OTHERWISE 
H=C*DETA 
END OF CONDITIONAL 
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I 
I 
I JOE 

CARL 

DORA 

ZAP 

VW/(Y<2)+1.)-1. 
1.+(K-1.)/2.»(Y(1)+1.).P.2 
((Y(l)+l.)/(Y(2)+].i).P.2*K2-MM 
Y< 1)»(Y < l)+2. ) 
l.+K»(Y(11+1.).P.2 
(Y(2)+1.)*G/((1.-Y(3))*(Y(1)+1.)> 
)=MM/MN»(B+(-l.+K*(Y(l)+l.).P.2*AA-.i*MP*BB/MM)*MC) 
)=(Y<2)+1.)/MN*(B/(Y<1)+1.)+(-l.+K*(Y(l)+l.).P.2*AA-BB) 

*MC/(Y(1)+l.)i 
F(3)=K*(1.-Y(3))/MN*(b*(Y(l) + l.) + (-l.+ (l.+ U-l.)*(Y(l> + l.).P. 

2)*AA-Bß)*MC*(Yl11+1. ) ) 
R RKDEQ.(O).E.l.. TRANSFER TO JOE 

AA = 
MM* 
BB = 
MN = 
MP = 
MC = 
Fll 
F(2 

1 

1 
WHE 
M=M 
THR 
AIM 
AIM 
AIM 
WHE 
WHE 
THR 
All 

NEVE 
+ 1 
O'JGH 
I) = 

-1.1 
i0) = 
NEVE 
NEVE 
OUGH 
»7) = 

CARLi FOR 1 = 1.lil.G.3 
Yd ) 
+3)=F(I) 
X 
R L.L.I. TRANSFER TO CRAWL 
R M.LE.L. TRANSFER TO CRAWL 
DORA, FOR I = 1 »1 ♦ I.G.M 

AII-1.7) + .5*11.-A(1-1.7))*G*((A(I.2)+1.)/(<!.- A( I ,3) )* 

1 (A(I.1)+l.).P.2)+( 
2 +1.1.P.2))#(A(I.0) 
CONTINUE 
WHENEVFR LL.L.l 
JC(2 )=1.-KB*Y(2) 
JCI1 )=SQRT.(KB*<Y(2) + 
JC13 )=Y<1)+1. 
JC(4)=1.-Y(3) 
JCI 5) = ((KB+1.J/2.+(Kb 

1  -2.*(Y(2)+l.)*KA/KB 
END OF CONDITIONAL 
THROUGH ZAP. FOR 1=1» 
AIM. 1+3)=0. 
PRINT FORMAT OUTPUT. 
PRINT FORMAT JUMP. JC 
TRANSFER TO READ 
INTEGER I»L»LL*M.N 
VECTOR VALUES INPUT = 
VECTOR VALUES OUTPuT= 
1IXING CASE  ///S10.3H 
2SX.4HTP. =,E1Q,J//S.1Q» 
33//S15.1HX.S9.5HM - 1 
4S8.2HF3.S3.2HMU/(S10. 
VECTOR VALUES JUMP =$ 
16HM1DE =«F9.5»-S3-^£HP1 
END OF PROGRAM 

A( 1-1.21 + 1, 
-A( 1-1 ,0) ' 

)/((!.-AII-1.3) )*(Al 1-1,1) 

' h. (- ■ 

1. )/(KA*JC< 2 ) ) ) 

-1.)/2.*<KA+1.)/(KA-1.)*((Y(2)+1.),P.2 
*(K6+1. ) /(,<A+1. ) ) )/A(M.7 ) 

1 , ! .0.3 

K,KA,KB,TP.G,B.VW.A(0»0) 
ID...JCI 5) 

.AIM,7) 

$511.3E10.3.I3/S11.5E10.3/S11.2E10.3*3 
*S10.44HRuNGE-KUTTA SOLUTION, COMPLETE M 
K =,F7.3,S3,4HKA/ = , F7 . 3 , S3 ,4HKb =,F7.3, 
3HG =,F7.3»S3,4H b =,F7.3.S3,4HVW =,E10. 
.S7.5HV - 1.S7.5H1 - P.SÖ.2HF1 .S8.2HF2. 
4F12.8.3E10.3»F10.6)*i 
S10.5HM1J = .F9.5.53.5HP1J =.F8.5.S3. 
DE = ,F8.5 ,S3.6HQL)AR =.E12.5*$ 

SDATA 
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Program Symbol 

K, KA, KB 

G 

T 
P 

B 

VW 

A(J,0), X 

A(J, 1), M-l 

A(J, 2), V-l 

A(J,3), 1-P 

A(J,4),F(1) 

A(J, 5), F(2) 

A(J, 6) F(3) 

A(J,7), MU 

MIDE 

MIJ 

PIDE 

PIJ 

QBAR 

Equivalent Engineering Symbol 

input 

> 

G 

T P 
B 

V 
w 

'/ 

M-l 

v-l 

1-P 

fj/(M-l) 

f2/(M-l) 

f3/(M-l) 

ß 

M. (calculated from the ditierential 
equations) 

M1 (calculated from the jump conditions) 

P   (calculated from the differential 
equations) 

P1 (calculated from the jump conditions) 

Q 

The problem solution for G = 1, Tp = . 0743 (propellant injected at ambient 
temperature) and y = 1. 25 appears in Table 3 and Figure 2. 
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APPENDIX B. 3. COMPUTER PROGRAM FOR THE GASEOUS, NO-MIXING 
CASE PROBLEM 

(3) 

The following computer program was developed to solve numerically the 
problem of the gaseous no mixing case equations. 

SCOMPILE MAD, EXECUTE. DUMP. PRINT OBJECT 
RRUNGE-KUTTA SOLUTION OF THE NO MIXING CASE 
EXECUTE SET£iÜl*LRAJC(-li-LF.(l).iQ»X»H) 
DIMENSION QUO). JC(^).Y(3).F(3).A( 9000.DID).D 
VECTOR VALUES D(l>=2.18.16 
DIMENSION YS(2)»E(100) 
INTEGER I .M.N.EN-D.J.WW 
G=l. 
TP-27.0.A6625.-2   . . . . 
KA=1 .5 
KB=1.15 
CPA = KA/KR*(K*-1. )/(KA-1.1*1.2?8 
N = 2 . _.. ....... 
E! 1)=.001 
E(2)=JOQ5      ... . .       -   
E(3)=.01 
E(4)=.02    .__.... 
E(5>=.05 
THROUGH SAM. FOR 1=1.1,1.0.19   
K=I 

SAM        E( l-t5a.= il.+JU.*..05_.. 
READ       READ FORMAT INPUT. B.VW 

VEC 
HP = 
A(0 
A(0 
AIO 
A(0 
A(0 
A(0 
A(0 
A(0 
AIO 
A<0 
AIO 
AIO 
AIO 
AIO 
AIO 
AIO 
X=. 
Y( 1 
1.1* 
YI2 
M=0 . 
J = 0 
END = 0 
WW = 0 

OR VALUES INPUT = $S10»F10.6,F10.6*S 
KA-1.)/(KB-l.)*CPA*TP+(KA-1.)/2.*VW.P 
01 = 0. 
1)=VW*SQRT.I(KB-1.)/<(KA-1.)*CPA*TP)1 
2 ) = 1 .    
3) = 1. 
4)=0. 
? ) =vw 
61=1 . 
7!=0. 
8!=VW-1.  .      . 
Q)=TP 
101=1. 
ll)=KA/KB*!KB-l.)/((KA-1.)*CPA*TP) 
121-1. 
13)=0. 
l<t)=JL.. ._.  
151-1. 

0001 
= K6/ (KA*A(0. 1)1*1 l.+IKA 
a-G/lAlQ.ll)*VW))*X) 
=SORT.l(KB+l.)/2.*lb-G/(A(0.11)*VW1)«X) 

1.1/2.»A(0.1).P.2)*S0RT.(2./(KB+1 



RAK WHFNFVFR 1.1*X.GF.F(M+l) 
H=F(M+i)-X 
M = M+1 
OTHERWISE 
H=.1*X 
J=l 
END OF CONDITIONAL 

JCE MA=Y(1)+A(0.1) 
MB=Y(2)+1. 
MMA=1.+ < KA-l. |/2.*MA.P.2 
MMB=] .+IKB-1. )/2.*M3.P.2 

ZI =SQRT. (HP/MMA) /MA*( 2./ (KB+1. )*MMb) .P.(Kt3/(KB-l.l )*K3/KA*G»X 
VA=MA«SQRT.(HP/MMA) 
RA=KA/Ku*MMA/HP*( (KB+1. I/2./MM3) . P . ( KL5/< Kb-1 . ) ) 
MPA=l.+(KA-l.)*MA.P.2 
MP6=l.+(Kb-1.)*MB.P.2 
DD=ZI*(KÖ*MB.P.2/(KA*MA.P.2)*MPA-MPB)-Y(2)*(Y(2)+2.) 
F( 1 ) =MA*MMA*(KB*Mb.P.2/-(KA*MA.P.2 ) * ( G/RA/VA-B/MÜ ) - ( VW-VA ) / VA« 
lG/RA/VA*(MPB+Y(2)*(Y<2)+2.)/ZI))/DD 
F( 2 ) =MR*MM3*(G/RA/VA-B/MB- (VW-VA)/VA*G/RA/VA*MPA>/DD 
WHENEVER RKDFQ.(0) .E.l..TRANSFER TO JOE 
WHENEVER J.E.O 
A ( M . 0 ) = X 
AIM.l)=Y(1)+AI0.1) 
A(M.2)=Y(2)+1. 
OTHERWISE 
J=0 
END OF CONDITIONAL 
WHENEVER M.L.24.AND.END.L.l.TRANSFER TO RAK 
THROUGH WHO. FOR 1=1.1,I.G.M 
MMA=1.+(KA-1.)/2.*A(I.1).P.2 
MMB=1.+(KB-1. )/2.*A(I.2).P.2 
A( I.3) = ( (KB+l.)/2./(l.+(KB-l.)/2.*A(I,2).P.2) ).P.(KB/(KB-1.) ) 
A( I.4)=SQRT. (HP/MMA)/A( I .1 ) /A( I . 3)*KB/KA*G*A( I.0) 
A( I .5 )=A ( I .1)*SQRT.(HP/MMA) 
A(I»6)=A(I.2)*SQRT.( (K3+1.)/2./<1.+(KB-1.)/2.*A( 1.2).P.2) ) 
A(I»7)=VW-A(1.5) 
A( I .8)=VW-A (1.6) 
A(1»9)=(KB-1.>/(KA-l.)/CPA*HP/(l.+ IKA-l.)/2.*A( 1,1).P.2) 
A(I,10)=(KB+l.)/2./(l.+(KB-l.)/2.*A(I,2).P.2) 
A( I ,11)*KA/KB*MMA/HP«A<I.3) 
A( I,12)=A( I ,3 )/A( I .10) 
A( I,13)=A( I ,11 )*A( I .5)*A( I ,4) 
A ! I » 1 4 ) = A ( I . 1 2 1 * A ( I . 6 ) * ( 1 . - A ( I . 4 ) ) 

ViHO A( 1 , 15)=A( I ,13 )+A( I . 14) 
SS=<A/KB*(KB+1.)/(KA+1.) 
JCU)=SS + ?QRT.(SS.P.2-2./(KA+l. ) *HP ) 
JCCl=l .-KB*( JC( 1 )-l . ) 
WHENFVFR   JC(2).LF.0. 
W'.v = i 
JC(3 ) =n. 
OTHERWISE 
JC(3)=SQRT.(KB/KA*JC(1)/JC(2)) 
END OF CONDITIONAL 
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I 

I 

I 

$DATA 

JC(**) = (KB+l.)/2.-(K3-l.)/( KA-1. ) *HP 
N = 2 
PRINT FORMAT TITLE.  G . TP . K.A .KB .CPA . B . VW 
PRINT FORMAT HEAD 
PRINT FORMAT OUTPUT. A ( 0 .0 ) ...A(24+END. 1 5 I 
WHENEVER WW.F.l 
PRINT FORMAT NCGOOD. JC(2) 
VECTOR VALUES NOGOOD = SS5.19HDATA NO GOOD. P1J =.E12.5*$ 
END OF CONDITIONAL 
PRINT FORMAT JUMP . JC<1)...JCU) 
TRANSFER TO READ 
VECTOR VALUES TITLE =$1H1 .S9.30HSOLUTION TO THE NO MIXING CAS 

1E/S10.3HG »»F8.5.S3.4HTP = . F8.5»S3.4HKA =.F8.5.S3.4HKB =. 
2F8.5.S3.5HCPA = . F8.5/S10»3HB =.F8.5,S3«4HVW =»F8.5*$ 
VFCTOR VALUFS HEAD =$S2.3HETA.S4.2HMA.S6.2HMB.66.1 HP,S7.2HZI. 
1S5.2HVA.S5.2HVB.S5.3HVAA.S4.3HVBA.S4.2HTA.S5.2HTB.S4.4HRHCA.S 

2 3.4HRHOB .S3.4HRVZA.S3.4HRVZB.S3.4HMDOT*$ 
VECTOR VALUES OUTPUT =$(SI,F5.3,4F8.5.11F7.4)»i 
VECTOR VALUES JUMP =$S10»6HVA1J =.F8.5 .S3 . 5HP1J ^.F7,3,S3. 
16HMA1J =.F8.5.S3.6H0BAR =.F8.5*$ 
END OF PROGRAM 

Program Symbol Equivalent Engineering Symbol 

G G 

T 
P T 

KA yA 
KB rB 
CPA 

B B A 

VW V 
w 

A(J,0), ETA,X n 
A(J, 1), MA MA 
A(J, 2), MB MB 
A(J, 3), P P 

A(J, 4), ZI « 
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Program Symbol Equivalent Engineering Symbol 

A(J, 5), VA 

A(J, 6), VB 

A(J,7), VAA 

A(J,8),VBA 

A(J,9), TA 

A(J, 10), TB 

A(J, 11),RHM 

A(J, 12), RH0B 

A(J, 13),RVZA 

A(J, 14),RVZB 

A(J, 15),MD«T 

VAIJ 

PIJ 

MAIJ 

QBAR 

_B 
VA 
- a 
VD 

V 
T B 

_B_ 

P_BvB(l-l) 

rh 

v.    (calculated from jump conditions) 
— 1 P1    (calculated from jump conditions; 

M.   (calculated from jump conditions) 
- 1 
Q 

Problem solutions for (a) G = 1, Tp =_0. 081 (Tp ~ 540°R), Cp. = 0. 54968, 
yA = 1. 401, and yB = 1. 15 and (b) G = I, Tp = 0. 04075, CpA = 0. «226, 
VA = !• 5 and >g = 1. 15 appear in Tables 4 and 5 and Figures 3 and 4, respec- 
tively. 

I 

I 
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APPENDIX B. 4.    COMPUTER PROGRAM FOR THE LIQUID-GASEOUS NO- 
MIXING CASE PROBLEM 

The following computer program was developed to solve numerically the 
problem of the liquid-gaseous no-mixing case. 

SCOMPILE MAD. EXECUTE. DUMP. PRINT OBJECT 
RRUNGE-KUTTA SOLUTION OF THE NO MIXING CASE 
EXECUTE SETRK.D. ! N.Y( 1 ! »F( 1 ) .Q.X.H) 
DIMENSION Q(10).JC(4).Y(3>.F(3).A(9000.D(1>).D(3) 
VECTOR VALUES 0(11=2.18.16 
DIMENSION YS(2).F<100) 
INTEGER I.M.N.END.J.WW 
XG=2./3. 
MWG=2.016 
MWl. = 32. 
G=MWG*XG/(MWG*XG+MWL*(l.-XG)) 
TP=270./6625.2 
KA=1.5 
KBM.15 
CPA=KA/KB*(KR-1.)/(KA-l.1*1.258*12.011/2.016 
N = 2 
E( 1 ) =.001 
E( 2)=.005 
E(3) =.01 
E<4) -.02 
El 5)=. 05 
THROUGH SAM. FOR 1=1.1.I.G.19 
K=I 

SAM        E(I+5)=(1.+K)*.05 
READ       READ FORMAT INPUT. BtVW 

VECTOR VALUES INPUT = $S10.F10.6»F10.6*$ 
HP=(KA-1. ) / (KB-1 . )*CPA*TP+( KA-1. )/2.*VW.P.2 .  .... 
A(0.0)=0. 
A(0.1)-VW*SQRT.((KB-1.)/((KA-1.)*CPA*TP)) 
Al 0.21 = 1 . 
A(0.3)=l. 
A(0.4)=0. 
A(0.5)=VW 
AI0.6)=1 . 
A(0.7)=0. 
A(0,8)=VW-1 . 
A(0.9)=TP 
A ( 0 . 1 0 ) = 1. 
A(0.11)=KA/KB*(KR-1.)/((KA-1.)*CPA*TP) 
A(C.12) = 1. 
A(0.13)=C. 
A(C. 141 = 1. 
AI0.15 1 = 1. 
X=.0001 
Y(1)=KB/(KA*A(0.1))*(1.+(KA-1.112,»A(0.11.P.2)*SQRT.(2./IKB+1 
1.)*(B-G/(A(0.11)*VW) 1*X) 
Y(2)=SQRT.!UB+1.)/2.*(B-G/(A(0«11)VVW))»X) 
M = 0 
J = 0 
END = C ; 
ww = o 
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RAK WHENEVER 1 . 1*X.GE.E<M+l) 
H«E(M+l)-X 
M = M+1 

OTHERWISE 
H=.1*X 
J=l 
END OF CONDITIONAL 

JOE MA=Y(1)+A(C.l) 

i! 

I 
I 
I 
I 

M£=Y(2)+1. 
MMA=] .+1KA-] . )/2.*MA.P,2 
MMB=1.+(KB-1.)/2.*MB.P.2 
/t=5 3RT. (HP /MM A ) /MA* ( Z.I (KB+1. )* .'• AH) .P. (KB/IKB-1. ) )*K6/KA*G*X 
VA=MA*SQRT. (HP/MMA i 
RA=KA/KR»MMA/HP* ((KB+1.)/2./MMB).P.(KB/(KB-1.)) 
MPA=1.+(KA-1.)*MA.P.2 
MPb" 1 . i (K.B-1. («MB.P.2 
DD = ZI»(KE*MB.P.2/(KA*MA.P.2)»MPA-MPB)-Y(2)*(Y(2)+2.I 
F( 1 )=MA*MMA»(KB*MR.P.2/<KA*MA.P.2 ) *<G/RA/VA-B/MB)-(VW-VA)/VA» 
1G/RA/VAMMPB+Y12 )«( Y(2)+2. )/ZI ) ) /DD 
F(2)=M3*MMB*(G/RA/VA-B/M6-(VW-VA !/VA*C/RA/VA*MPA)/DD 
WHENEVER RKDEO.(0 ) .E.l. .TRANSFER TO JOE 
WHENFVFR J.E.O 
AIMi 0) = X 
A ( M . 1 ) = Y ( i ) + A ( 0 . 1 ) 
AIM.2)=Y(2)+l . 
OTHERWI <^r 

J = 0 
END OF CONDITIONAL 
WHENCE1? M.L.24.AND.END.L.1«TRANSFER TO RAK 
THROUGH WHO, FOR 1=1.1.1■ G.M 
MMA=1.+ (KA-1.)/2.*A( I .1 ) .P.2 
MMB=1.+(K--1.1/2.*A(I.2).P.2 
A( I »3) = ((K3+1.)/2./(l.+ IKB-l.)/2«*A(I.2).P.2)).P.(KJ/<K3-1.) ) 
A( 1 .4) «SORT. (HP/MKAl/AI I .1 ) /A ( 1 .3>»KB/KA*G*A( ! .0) 
A( I» 5)=A <I,1)»SORT.(HP/MMA) 
AU»6)*A(I.2)*5QRT.((K8+l.)/2./(l.+(Kb-l.)/2.*A(I,2).P.2)) 
A(1 .7)=VW-A( 1.5) 
A(I.8)=VW-A(1.6) 
A( I .9)=(KB-1. 1/(KA-1.>/CPA#HP/(1 ,+ IKA-l.)/2.*A( I»1 I.P.2 ) 
A( I.10)»(KB + 1.)/2./( 1.+ (kb-1.)/2.*A( I,?).P.?) 
A( I . 11) »KA/KBftiMMA/rtP* A( 1,3) 
A( I . 12)=A( I ,3)/A( I , jÜ ) 
A( 1 .13) =A_U »11>-*A( 1 .5 )*A( I .4) 
A(I»14)»A(I»12)*A(I.6)*(1.-A(I,4)) 

WHO A( 1 .15 ) = A< UUI+AI ! • 14 I 
SS»KA/KB»( KB+1 .-K!<*( 1 .-Gl* VW) / (KA+1. ) /G 
JCJ1 )=SS + SQRT.tSS.P.2-2./(KA+1.)»HP> 
JC(2)*1.-KB*(G*JC(1 i + ( l.-G)«VW-l . ) 
WHFNEVER   JC(2).LE.C. 
WW=1 
JC(3 )=0. 
OTHERWISE 
JC(3)=SQRT.(KB/KA*G*JC(1)/JC(2>) 
END   OF   CONDITIONAL 
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i 
i 
I 
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$DATA 

JC U ) = IK.B+ 1. ) /2 . - ( K.B-1. ! / I KA-1. ) *HP 
N = 2 
PRINT FORMAT TITLE.  G.TP.KA.KB.CPA.BtVW 
PRINT FORMAT HEAD 
PRINT FORMAT OUTPUT» A(Of0)■«.At24+ENDil51 
WHENEVER WW.E.l 
PRINT FORMAT NOGOOD. JC(2) 
VECTOR VALUES NOGOOD » SS5.19HDATA NO GOOD» P1J *.E12.5*$ 
END OF CONDITIONAL 
PRINT FORMAT JUMP .JC( 1)...JC(4) 
TRANSFER TO READ 
VECTOR VALUES TITLE =$1H1.S9.30HSOLUTION TO THE NO MIXING CAS 
1E/S10.3HG =.F8.5.S3J4HTP = »F8_«5»^3titHKA = tF.fl .5 tS3 t.»H&B._«i  

2F8.5.S3.5HCPA =.F8.5/S10»3HB = »F8.5 .S3 «4HVW =^&*b** 
VECTOR VALUES HEAD = $S2.3HETA,S4 .2HMA.56»2HMB.56.1HP,S7»2HZI . 

i <;n.?nm.sn.;HW.';'i^HmA.st.iHURA..»;t.?HTi.S'i.;HTR..«it.tHRHQt.<; 
2 3.4HRH0B.S3.4HRVZA,S3,4HRVZB.S3.4HMD0T«$ 

VECTOR   VALUES   OUTPUT   =%1 SI.F5»3»4F8.5.UF7»4)*$ 
VECTOR   VALUES   JUMP   =SS10.6HVA1J   =,F8.5»S3.5HP1J   =,F7.5,S3, 
16HMA1J =»F8.5.S3.6HQ8AR =.F8.5*$ 
END OF PROGRAM 

Program Symbol Equivalent Engineering Symbol 

XG XG 
MWG 

'    G 
MWL 

'   L 
G G 

T 
P TP 

KA rA 
KB yB 
CPA 

B h 
VW V 

w 
A(J,0), ETA.X n 
A(J, 1), MA MA 
A(J, 2), MB Mn 
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Program Symbol Equivalent Engineering Symbol 

A(J,3),P 

A(J, 4), ZI 

A(J, 5), VA 

A(J,6),VB 

A(J,7), VAA 

A(J,8),VBA 

A(J,9),TA 

A(J,10),TB 

A(J, 11),RH0A 

A(J,12),RH«B 

A(J,13),RVZA 

A(J, 14),RVZB 

A(J,15),MD0T 

VAIJ 

PIJ 

MAIJ 

QBAR 

P 

I 
v . 

_B 
VA 
-  a 
VB 

B 

PB 

P_BvBd-0 

m 

v.    (calculated from jump conditions) 
— 1 P      (calculated from jump conditions) 

M.    (calculated from jump conditions) 
- 1 
Q 

The numerical solution of this problem was not carried to completion. 
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Solution to the no mixing cose 

The dependent parameters satis- 
fying both the differential equa- 
tions and the hydrodynamic jump 
conditions are 

I 
I 

G ■ 1.0 

tp ■ 0.081 

»A = 1.401 

*B ■ 1.15 

C"A 
« 0.5497 

B    » 5.76 

Vw = 1.797 

Q    =0.788 

Figure 3(a).   Dimensionless Properties P, T., T  , p   , £, and m 
as Functions of The_Dimensionless Circumferential Coordinate, i, 

For T    = 537°R, Gaseous No Mixing Case. 
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The dependent parameters satis- 
fying both the differential equa- 
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Figure 3(b).   Dimensionless Properties M., MR, v., v^is Functions 
of the Dimensionless Circumferential Coordinate, TJ, forTL = 537°R, 

Gaseous No Mixing Case. 



Solution to the no mixing case: 

The dependent parameters satis- 
fying both the differential equa - 
tions and the hydrodynamic jump 
conditions are 

■| 

h 
»8 

■ 1.0 

■ 0.04075 

■ 1.5 

>   1.15 

• 0.4923 

B    ■ 7.608 

Vw ' I 8303 

Q    «0.8037 

T i 

Figure 4(a).    Dimensionless Properties P,  T  ,  T      p      £, and rh as 
Functions of the_Dimensionless Circumferential Coordinate, r\, for 

Tp = 270°R, Gaseous No Mixing Case. 
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Figure 6(a).   Schematic Process for Shear Type Breakup. 
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Figure 6(b).    Schematic Process of Bag Type Breakup. 
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Figure 7.    Photograph of the Test Setup for Detonation-Droplet 
Interaction Studies. 
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Figure 9.    Schlieren Photographs of the Shattering of 
H O Droplets Behind H2-C>2 Detonation Waves 

2 (XH2 = • 67). 

(a) Undisturbed Droplet Row (220-580 \i Diameter) 
(Retouched) 

(b) Shattered Droplets 11-12 /i-sec After Passage of 
Wave 
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Te Pe 
pe 

Boundary Layer 
Profile 

Detonation Wave 

VD 

P1, Pi, Ti 

Piate 

V777777777777777777777777P77 
 vw-vD 

Figure 11.    Coordinate System for Heat Transfer Analysis. 
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Figure 12.    Square Pulse Approximation of Surface Heat Flux. 
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Figure 13.   Theoretical Heat Transfer Model—Rotating Detonation 
Wave Engine. 
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Figure 14.   One Dimensional Conduction Model. 
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Figure 18.   Photograph of the Test Setup for the Measurement of the 
Temperature and Pressure Effects on Hydrogen-Oxygen Detonation 

Velocities. 
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Figure 20.    Photograph of the Coiled Detonation Tube and the Low-Temperature 
Vessel. 
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Figure 21.    Schematic View of the Ionization Probe for Detonation Velocity 
Measurements. 
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Figure 22.    Schematic View of the System for Detonation 
Velocity Measurements. 
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With Results of Other Investigators for Stoichiometric (X      = . 667) 
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from experimental detonation velocity measurements) as a Function 
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SECTION A-A 

Figure 31.    Schematic Drawing of the Curved Detonation Tube 
Section with Solid Walls. 
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Figure 32.    Photograph of the Curved Detonation 
Tube Section with Solid Walls. 
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Figure 33.   Schematic Diagram of the Basic Experimental System for Studying. 
Detonation Waves in Curved Channels. 
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Figure 34(a).   Schlieren Photograph of a Stoichiometric 
H2-O2 Detonation Wave in a Curved Channel Utilizing a 
Thin, Nitrocellulose Membrane for Inward Radial Relief 

Employing a Flowing System. 

■ 

] 

Figure 34(b).    Schlieren Photograph of a Stoichiometric 
H2-O2 Detonation Wave in a Curved Channel with Complete 

Solid Wall Confinement Employing a Flowing System. 
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Figure 36.   Interpretive Sketch of a Stoichiometric H2-O2 Detonation 
Wave in a Curved Channel with Complete Solid Wall Confinement. 
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Figure 37.    Schlieren Photograph of a Stoichiometric 
H2-02 Detonation Wave in a Curved Channel with the 

Inner Wall Removed Employing a Flowing System. 
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Figure 38.   Interpretive Sketch of a Stoichiometric H2-O2 
Detonation Wave in a Curved Channel with the Inner Wall 

Removed Employing a Flowing System. 
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Figure 40.   Schlieren Photograph of a Stoichiometric 
H2-O2 Detonation Wave in a Curved Channel with One 

Window Removed (Relief in the Axial Direction). 
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Figure 41.    Schematic Drawing of Annular Motor. 
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Figure 42.    Photograph of Downstream End of Annular Motor. 
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Figure 45.   Photograph of Solenoid Valves and Injector Manifold Arrangement. 
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(o) 

lb) 

Un-modified signal 
50 ywsec/cm , 100 mv/cm 

Signal damped and filtered 
50 //sec/cm , 100 mv/cm 

(c) Signal damped and filtered 
100//sec/cm,   50mv/cm 

(d) 
Signal damped and filtered 
500/«sec/cm, 100 mv/cm 

Note: 
Transducer flush mounted in l/2"x 1/4" detonation tube with .0005" scotch 
tape over end.  One atmosphere detonation of 40% Hydrogen - 60% Oxygen. 
Peak pressure theoretically 250 psi.  Manufacturers sensitivity .405 PCb/psi. 
Charge amplifier setting 5mv/pCb 

Result ■■ 
Sensitivity for damped and filtered signal .160 Pcb. 

Figure 47.    Calibration of Kistler C03 Pressure Transducer in Detonation Tube. 
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Figure 49.    Photograph of the Linear Motor on the Test Stand. 



Inlet 
manifold 

Injector 
face 

Nozzle 

One of 
plexiglas 
window 
pair 

tl 
1 
1 
I 
1 

"• 

Figure 50.    Photograph of the Components of the Linear Motor. 
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Figure 51,    Schematic Drawing of Test Configurations for 
the Linear Motor. 
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Input Data: 

H2 Manifold Pressure: 1,000 psi 
02        " " " 
Mixture Ratio: 0.67% Mole Fraction Hydrogen 
Nominal Mass Flow: 0.36 lbs. Propellant Per Second 

1 

Figure 52.    Spark Schlieren Photograph of Test in Linear Motor 
Configuration (a). 

I 



1 
1 
I 

i 
H 

& 

6 
I 

I 

to 
Si 

8 

I 
o 

CO 
in 
a) 

3, 



' 1 
I 

Horizontal Scale:   50/<sec/cm. 
Vertical Scale:       0.5 Volts /cm. 

Transducer located I 3/4 inches from starter face and 
7/8 inch from injector. 

Figure 54.    Pressure Recording of Starter Tube Fired into 
Stagnant Air-Linear Motor. 
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(a) Transducer I 3/4 inches from starter 

(b) Transducer 7 1/4 inches from starter 

Horizontal Scale : 50/<sec./cm. 

Vertical Scale • 0.5 Volts /cm. 

Hydrogen Manifold Pressure1 1,000 psi 

Oxygen » " 1,000 psi 

Nominal Mass Flow; 0.46 Lbs./sec. 

Mixture Ratio: 0.67 % H2 by Volume 

Figure 55.    Pressure Recording of Linear Motor 
Configuration (b) Tests 15 and 16. 
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Figure 56.    Photograph Showing Diaphragm in Annular Motor. 
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Figure 58.    Station Locations for Pressure Transducers in Annular Motor. 
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Run No. 151 
Horizontal scale 100 /^sec/cm 
Vertical scale I25~psi/cm 
Fuel manifold pressure 1300 psi 
02 manifold pressure 1275 psi 
Nominal mass flow 1.15 lbs/sec 
Nominal mixture ratio 66.2 % fuel by vol. 
Diaphram thickness .001  in 

Run No. 154 
Horizontal scale 100 /^sec/cm 
Vertical scale I25~psi/crn 
Fuel manifold pressure 1360 psi 
U2 manifold pressure    i350 psi 
Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

1.22 lbs/sec 
66.6 % fuel by vol. 
.001   in 

Run No. 156 
Horizontal scale 100 ^sec/cm 
Vertical scale I25~psi/cm 
Fuel manifold pressure 1680 psi 
02 manifold pressure 1330 psi 
Nominal mass flow 1.23 lbs/sec 
Nominal mixture ratio 71.9 % fuel by vol. 
Diaphram thickness .001  in 

I 

U;.!;.... 11.1, ■ ■ 
H £«tf^«tigg[ 

*%., 
_ 

KHJH __  SJ 

.:. Mui±* M*tH^«t 

L "1   .!• -1   L   l  ■ 
-■-  ! 

Run No. 160 
Horizontal scale 100 /^sec/cm 
Vertical scale I25~psi/cm 
Fuel manifold pressure 1620 psi 
02 manifold pressure 1310 psi 
Nominal mass flow 1.21   lbs/sec 
T'ominal mixture ratio 71.2 % fuel by vol. 
Diaphram thickness .001   in 

a|3 1 
m 

WJ™ 

Figure 59.    Pressure Recordings of Annular Motor Tests,  Hydrogen-Oxygen, 
A /A, = 2. 0. 
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Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

166 
100 ^sec/cm 
125 ~ psi/cm 
600 psi 
1265 psi 
I.C8 lbs/sec 

48.7 % fuel by vol. 
001  in 

[I 
.: 

"i 

I 
Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
Og manifold pressure 
(Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

173 
100 ^sec/cm 
125 ~ psi/cm 
840 psi 
1215 psi 
1.06 lbs/sec 

58.2 "/„fuel by vol. 
.001  in 

~ 

Run No. 174 
Horizontal scale 100 //sec/cm 
Vertical scale I25~psi/cm 
F'jjl manifold pressure 820 psi 
Cj manifold pressure 1210 psi 
Niminal mass flow 1.05 lbs/sec 
Normal mixture ratio 57.6 % fuel by vol. 
Diaphram thickness .001  in 

Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

175 
100 ^sec/cm 
125 ~ psi/cm 
720 psi 
1210 psi 
104 lbs/sec 
54.3 % fuel by vol. 
.001   m 

i 

1 
I 
I 
I 

c igure 59.    Concluded . T 
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Run No. 205 
Horizontal scale 100 ^sec/cm 
Vertical scale I25~psi/cm 
Fuel manifold pressure 1640 psi 
02 manifold pressure 1360 psi 
Nominal mass flow 1.25 lbs/sec 
Nominal mixture ratio 70 5 % 'uel by vol. 
Diophram thickness 001 in 

■■■■Hi 
g«M »«MM 
im^B RUBS a! 

Run No. 

iypn 

206 

Run No. 217 
Horizontal scale 100 /^sec/cm 
Vertical scale I25~psi/cm 
Fuel manifold pressure 1230 psi 
Oj manifold pressure 1275 psi 
Nominal mass flow 1.14 lbs/sec 
Nominal mixture ratio 65.9 % fuel by vol. 
Diaphram thickness .001  in 

K *-*+* j + H H • • ' 1 j - -■ • !-,. • • -1 i ■ ■                ■             +-L*~ 

2 

6 

Run No. 2t9 

( Typical) 

2 

6 

Figure 60.    Pressure Recordings ol Annular Motor Tests,  Hydrogen-Oxygen, 
A /A      1.0. 
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Run No. 209 
Horizontal scale 100/isec/cm 
Vertical scale 125 ~ psi/cm 
Fuel manifold pressure 1280 psi 
02 manifold pressure 1280 psi 
Nominal mass flow 1.15 lbs/sec 
Nominal mixture ratio 67.0 % fuel by vol 
Diaphrom thickness .125 in 

1 

Run No. 210 RMMM"*Mi 
(Typical ] 

HS *M!H!llftfe' xmmmm* 

Run No. 211 
■^n ^^i g^^ g^^i n^ 

Typical) 

Figure 60.    Continued. 
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Figure 61.   High Speed Photographs of Annular Motor Tests, Hydrogen-Oxygen. 
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Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

182 
100 /^sec/cm 
125 ~ psi/cm 
720 psi 
1165 psi 

1.13 lbs/sec 
29.7 %fuei by vol. 
.002 in 

Run No. 196 
Horizontal scale 100/isec/cm 
Vertical scale I25"psi/cm 
Fuel manirold pressure 1040 psi 
02 manifold pressure 1320 psi 
Nominal mass flow 1.35 lbs/sec 
Nominal mixture ratio 34.8 % fuel by vol. 
Diaphram thickness .002 in 

Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

197 
100 ^sec/cm 
125 ~ psi/cm 

1140 psi 
1320 psi 
1.38 ibs/sec 

36.8 % fuel by vol 
.002 in 

Run No. 198 

( Typical ) 
5HI 

Figure 62.    Pressure Recordings of Annular Motor Tests,  Methane-Oxygen, 
Ac/A( = 2. 0. 
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Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 monifold pressure 
Nominal mass flow 
Nominal mixture ratio 

189 
100 /^sec/cm 
125 ~ psi/cm 

440 psi 
1425 psi 
1.26 lbs/sec 
17.4% fuel by vol. 

Diaphram thickness       .0015 in 

1■    ''1 1       1 

—■•- 

. ■ *«• . ,. i—: =r-rt—-p »,  „» 

»    ■                                  1 
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Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 

190 
100/4 sec/cm 
125 ~ psi/cm 
500 psi 
1425 psi 
1.28 lbs/sec 
17.1 % fuel by vol. 

1  1"!'IH""1 

Diaphram thickness      .0015 in 

Run No. 191 
Horizontal scale 100/isec/cm 
Vertical scale 125 ~ psi/cm 
Fuel manifold pressure 400 psi 
02 manifold pressure 1425 psi 
Nominal mass flow 1.25 lbs/sec 
Nominal mixture ratio 16.1 % fuel by vol. 
Diaphram thickness .001 in 

Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

192 
100 /(Sec/cm 
125 ~ psi/cm 

260 psi 
1410 psi 
1.20 lbs/sec 
11.2 % fuel by vol. 

.001  in 

1 . 1    1 
.     1 ,         i 1 f 
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Figure 62.    Continued , 
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Run No. 
Horizontal scole 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 

193 
100 yusec/cm 
i25 ~psi/cm 

390 psi 
1350 psi 

1.19 lbs/sec 
16.5 % fuel by vol. 

Diaphram thickness      .0015 in 
v^* 

"Run No. 
Horizontal scale 
Vertical scoie 
Fuel manifold pressure 
Og manifold pressure 
Nominal mass flow 
Nominal mixture ratio 

194 
100 /^sec/cm 
125 ~ psi/cm 

490 psi 
1345 psi 

1.21 lbs/sec 
20.0 % fuel by vol. 

SBBBBBBBBI 

Diaphram thickness       .0015 in 

Run No. 195 
Horizontal scale 
Vertical scale 

100 /^sec/cm 
125 ~ psi/cm 

Fuel "manifold pressure 
O2 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 

500 psi 
!350 psi 
1.22 lbs/sec 

20.2 % fuel by vol 
Diaphram thickness       0015 in 

Figure 62.    Concluded . 



Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 

199 
100 /isec/cm 
125 ~ psi/cm 
350 psi 

1330 psi 
1.16 lbs/sec 

15.3 % fuel by vol. 
Diaphram thickness      .0015 in 

2   -\ 
«s 

. \d    '^N 
. 

•   ) • 1 ■' 

!l 

] 
Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 
Diaphram thickness 

200 
100 /^sec/cm 
125 ~ psi/cm 

400 psi 
1310 psi 

1.16 lbs/sec 
17.2 % fuel by vol. 

.0015 in 

Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 

201 
100 /<sec/cm 
I 25 ~ psi/cm 

600 psi 
1275 psi 

I 18 lbs/sec 
24.4 % fuel by vol. 

Diaphram thickness       .0015 in 

Run No. 
Horizontal scale 
Vertical scale 
Fuel manifold pressure 
02 manifold pressure 
Nominal mass flow 
Nominal mixture ratio 

203 
100 /isec/cm 
125 - psi/cm 

440 psi 
1380 psi 
1.22 lbs/sec 
•7.9 %fuel by vol. 

Diaphram thickness       .0015 in 

I 
1 

Figure 63.    Pressure Recordings of Annular Motor Tests, Methane-Oxygen, 
A /A, = 1. 0. 
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Figure 64;   High Speed Photographs of Annular Motor Tests, Methane-Oxygen. 



Figure 64.   High Speed Photographs of Annular Motor Tests, Methane-Oxygen. 
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Run No. 78 / 

XH (Moie fraction H2) = .681 
/ 

/ 

/ 
lb 

Detonation velocity in 
Annular motor 

/ 

/ 

.131 InV/iSec. 
(10,920 Ft./Sec.) 

/ 

/ 
10 
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(Refs. 38,18) 
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Figure 66.   Displacement Versus Time Plots for Initial Detonation Wave 
in Annular Motor, Hydrogen-Oxygen. 
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Figure- 66.    Continued. 
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Figure 66.   Continued. 

1 
1 
I 
i 
I 



I 
I 
i 
I 

o 
tu 
CO 5 
ÜJ 

UJ 
> 
I- 
< 
_J 
UJ 

1 
5 u 
to 
CO 

u 
s> 

S3H0NI 



20 

Lü 
I 
u 
2 

10 

1 1 = 
Run No. 206 
XH  =705 H2 

/ 
/ 
/ 

.130 In./Sec. 

/ (10,830 Ft./Sec.)      > 

— y / 

/ 

/\ St 

/f 
s* 

/ 

'          Detonation velocity in 
St St closed tube 

/ 
/ 

(9920 Ft./Sec.) 

/ 

/ 

' 

" / 

/, _L 1 1 i 

\ 

1 
I 
1 
1 
I 
1 

- 

:: 

7 
I 

4 

0 30 60 90 120 

RELATIVE TIIV.E (yuSEC) 

Figure 66.    Concluded. 
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